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similar to those of intestinal epithelial cells called enterocytes [1]. Can be used to predict 
iron absorption in humans [2,3], and to predict response to inhibitors and enhancers of 
iron absorption [2,3]. 
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unique to the sample [4]. 
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GFP – Green Fluorescent Protein from the jellyfish Aequorea victoria. 
Globin – Globin protein that may or may not contain heme.  
Hemoglobin – Consists of the protein globin and the iron binding heme pyrrole. Found in a 
variety of organisms, including animals, plants, and bacteria [5].  
HMC – High moisture corn. 
ICP-OES - Inductively coupled plasma optical emission spectroscopy. Detects the unique 
electromagnetic radiation emitted by trace metals when excited by the inductively 
coupled plasma. Can be used to quantitatively measure the concentration of trace metals.  
kDa – Abbreviation for kiloDaltons, a unit of mass commonly used for protein and other 
molecules. One Dalton is the atomic weight of a hydrogen atom. 
PEM – Protein energy malnutrition. Occurs when protein and nutrient intake do not meet 
requirements for growth and bodily maintenance [6].  
Pleiotrophy – Changes in multiple traits that result from a single gene. 
nos terminator - From the nopaline synthase gene from Agrobacterium tumefaciens, 
frequently used in gene constructs for transgenic plants. This genetic sequence indicates 
to the gene transcription machinery that the gene is complete.  
RBA - Relative biological availability, also called RBV (relative biological value or relative 
bioavailable value). Used to describe the bioavailability of iron compounds in 
comparison to ferrous sulfate. 
Transcription factor – A protein that binds to a specific DNA sequence in the promoter of a 
gene or in the enhancer for a gene. 
Zein – Maize seed storage protein, a prolamin named after Zea mays. 
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ZmHb – Abbreviation for hemoglobin from Zea mays.  
  
xiii 
Abstract 
Maize is a high yielding crop that provides a relatively high calorie source of food and feed, 
but focus on yield has not improved nutritional qualities. Some nutrients that are lacking in 
maize are iron and essential amino acids. In this dissertation some ways that genes from 
maize might be used to improve nutritional quality of maize are discussed, including 
improvement of bioavailable iron with maize globin and exploration of maize seed storage 
proteins. In addition, strategies to improve maize are explored, including breeding with 
mutations and transgenes and investigation of the effects of selection on transgenes. 
Maize globin was found to be as bioavailable as ferrous sulfate, both when used as a forticant 
added to maize flour and when expressed in maize with an endosperm specific promoter. 
These results indicate that maize globin could be used to biofortify maize with highly 
bioavailable iron. Assessment of seed storage proteins in maize inbreds, landraces, and 
teosintes found unique proteins in teosintes that may be moved into maize through 
biotechnology or breeding to improve amino acid balance. Investigation of the effects of 
ensiling on seed storage proteins in maize used as ruminant feed found that longer ensiling 
times degraded some seed storage proteins, which may make the starch more digestible, but 
inoculation with Lactobacillus did not have an effect.  
A variety of breeding methods can be used to improve qualities of maize. Maize transformed 
with a construct encoding green fluorescent protein controlled by a maize seed storage 
protein promoter was subjected to recurrent selection in order to increase transgene 
expression. This resulted in increased expression of the native gene with the same promoter, 
while unrelated traits were not changed. Backcrossing can be used to bring a mutation or 
transgene into a specific genetic background, while forward breeding can be used to improve 
characteristics of a line that carries a gene of interest. 
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Preface 
Rationale 
In many parts of the world, people are unable to obtain necessary nutrients from dietary 
sources. There are many factors that affect hunger and malnutrition, including political and 
social factors. Ideally, these factors will be changed to allow more people to lead healthy 
lives. Unfortunately, changing political and social systems can take decades, and in the 
meantime, many go hungry or malnourished. Maize is an important staple crop in parts of 
Africa, South America, and Central America. In addition, maize is an important feed crop in 
the developed and developing world. In this dissertation some ways that qualities of maize 
might be altered to help improve human quality of life are discussed, including improvement 
of bioavailable iron, amino acid balance, and investigation of effects of selection on 
transgenes. 
Dissertation organization 
This dissertation is divided into seven chapters. In the introductory chapter, an overall 
literature review is provided. The second chapter includes research conducted on maize 
hemoglobin. The goal of this research was to determine the potential of maize hemoglobin as 
an iron bioforticant. The third chapter includes research on transgene and native gene 
expression in response to selection for transgene expression. The goal of this research was to 
investigate the effects of selection on a transgene and to determine the relationship between 
expression of a transgene and a native gene with the same promoter. The fourth chapter is 
about breeding with transgenes. The fifth and sixth chapters are studies of seed storage 
proteins. In the seventh chapter, overall conclusions are discussed. 
Authors’ roles 
The authors of “Maize hemoglobin is an effective iron bioforticant”, chapter 2, are Anastasia 
L. Bodnar, Amy K. Proulx, M. Paul Scott, and Manju B. Reddy. Proulx designed the 
construct, conducted the first generation of crosses with the ZmG-GFP plants, and conducted 
preliminary tests of iron bioavailability with the ZmG-GFP grain. Bodnar conducted the 
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remainder of the crosses for ZmG-GFP lines, including screening for positive seeds and 
events, and further tests of iron bioavailability. Bodnar was the communicating author. 
The authors of “Recurrent selection for transgene levels in maize results in proxy selection 
for a native gene with the same promoter”, chapter 3, are Anastasia L. Bodnar, Megan H. 
Schroder, and M. Paul Scott. Schroder conducted the first generation of crosses. Bodnar 
conducted the remainder of the crosses and the analysis of the resulting seed. Bodnar was the 
communicating author. 
The authors of “Wide variability in kernel composition, seed characteristics, and zein profiles 
among diverse maize inbreds, landraces, and teosinte”, chapter 4, are Sherry A. Flint-Garcia, 
Anastasia L. Bodnar, and M. Paul Scott. Bodnar conducted the HPLC analysis of seed 
storage proteins and the corresponding statistical analysis. Flint-Garcia was the 
communicating author, with assistance from Andre Bervillé. 
The authors of “Influence of Ensiling Time and Inoculation on Alteration of the Starch-
Protein Matrix in High Moisture Corn”, chapter 5, are Patrick C. Hoffman, Nancy M. Esser, 
Randy D. Shaver, Wayne K. Coblentz, M. Paul Scott, Anastasia L. Bodnar, Renato J. 
Schmidt, and Robert C. Charley. Bodnar conducted the HPLC analysis of seed storage 
proteins and the corresponding statistical analysis. Hoffman was the communicating author. 
The authors of “Mutations in breeding programs”, chapter 6, are Anastasia L. Bodnar and M. 
Paul Scott. Bodnar was the communicating author. 
The author of the concluding chapter is Anastasia L. Bodnar. 
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Chapter 1.  General Introduction 
Malnutrition 
The problem of malnutrition 
Malnutrition is the result of a diet lacking in one or more nutrients. While undernutrition due 
to a lack of overall calories is a problem that certainly needs attention, malnutrition has gone 
virtually unnoticed. The hidden hunger of malnutrition affects an astonishing one in three 
people worldwide, according to the Micronutrient Initiative [7]. Lack of key nutrients, 
especially in the first 1000 days of life (from conception to the second birthday), results in 
adverse effects to cognitive and physical development as well as a reduction in immune 
function [8]. In this dissertation, methods that might contribute to the reduction of 
malnutrition due to inadequate iron or complete protein are considered. 
Potential solutions to malnutrition 
The most desirable method of improving nutrition is to improve accessibility to nutritious 
foods, but this solution requires long-term efforts to reduce poverty. A diverse diet including 
fruits, vegetables, and animal products is simply not accessible to many people in the 
developing world. Many different strategies have been used to improve nutrition, including, 
supplementation, fortification, changes in diet, and biofortification. Each strategy has its own 
benefits and challenges. 
Nutritional supplements deliver a concentrated and often highly bioavailable form of a 
nutrient. They are used successfully in the developed world to treat nutritional deficiencies 
under care of medical professionals, but problems associated with supplementation in 
developing counties include irregular delivery, low acceptance rates, quality control, 
potential side effects such as nausea, and potential over-supplementation [9]. Food-based 
approaches may be more sustainable compared to supplementation. Fortification can be a 
cost effective means of delivering additional nutrients when foods are processed in industrial 
settings before distribution to consumers [9]. This type of fortification can potentially 
improve the nutrient intake of a large proportion of the population. Successes of fortification 
on a large scale include iodine in salt [10] and iron in fish sauce and soy sauce [11]. 
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However, for fortification to be effective, persons with nutritional deficiencies must have 
regular access to industrially processed foods, which is not the case in many developing 
countries that lack consistent supply chains to rural areas. On smaller scales, multi-nutrient 
fortification of foods for school age children can improve micronutrient status and reduce 
incidence of anemia [12]. A combination of large scale and smaller scale fortification efforts 
with targeted supplementation for those at greatest risk is likely needed to ensure that the 
largest possible number of persons are receiving needed nutrients [13]. 
A more immediate way to improve nutrition is to increase the bioavailability of existing 
nutrients in the diet. For example, different processing methods of cassava affect 
bioavailability of beta-carotene [14] and addition of lactic acid during tortilla preparation can 
increase bioavailability of iron in maize flour [15]. Enhancement of nutrient bioavailability 
through changes in preparation methods of staple foods is particularly important as prices of 
staple foods are increasing. When the price of staples and other foods goes up, consumption 
of nutrient rich foods like vegetables and meat goes down (Figure 1.1) [16]. Due to higher 
grain prices, families in Africa are finding themselves unable to afford vegetables and dairy 
to supplement their maize-based diet. [17]. Improving the nutrients in staple foods with 
biofortification could help decrease the negative nutritional effects of a monotonous diet.  
 
Figure 1.1 Percentage of funds spent by families on different items before and after a 50% increase in food 
prices, with income held constant. Image adapted from Bouis et al. [16]. 
 
Staples Staples 
Vegetable Protein 
Non-food 
Vegetable Protein 
Non-food 
Before After 
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Biofortification 
Biofortification is the improvement of intrinsic nutritional qualities of crops. Some nutrients 
can be successfully increased though fertilization, such as zinc [18]. In the case of iron, soil 
abundance is rarely a problem [19], but the availability of iron in the soil is negatively 
affected by multiple factors. These include: temperatures that are too low or too high, high 
organic content, poorly aerated soils, nematode infection of roots, and high levels of some 
nutrients, including phosphorus, zinc, copper, and magnesium [20]. Soil pH is a particularly 
important factor; at higher pH, iron is converted to insoluble forms [20]. With such a wide 
variety of factors involved in iron absorption, soil improvement is not a viable way to quickly 
improve iron content of crops. Fertilization with nitrogen results increased total protein for 
many crops [21] but does not change the quality of the protein. 
Biofortification with selective breeding or biotechnology is a way to improve the nutritional 
qualities of crops that eliminates the need for a central distribution system or soil 
improvement, needing no outside intervention once seeds are distributed. These qualities 
make biofortification an attractive interim solution for malnutrition in developing countries 
[22], at least until broader strategies to reduce poverty are successful. Biofortified seed must 
be made available at low or no cost in order to be effective, so there is little incentive for 
corporations to provide private funding for research. Public funding has been the primary 
source for projects using breeding and biotechnology to improve nutritional qualities of crops 
[23]. However, there is evidence that corporations see value in public-private partnerships.  
Monsanto is developing drought tolerant maize in the Water Efficient Maize for Africa 
(WEMA) project in partnership with the Gates Foundation and other non-profit 
organizations. Monsanto plans to distribute improved seed with the water efficient trait to 
low income farmers at no cost, while relatively wealthy farmers may be required to pay 
royalties for using the trait [24]. WEMA may prove to be a model for new public-private 
partnerships focusing on biofortification. Depending on the trait, it may be possible to sell 
biofortified seed in developed countries as a specialty variety. For example, maize with 
improved amino acid content might be useful as animal feed in developed counties but would 
help reduce human protein-energy malnutrition in developing counties. 
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There has been success in improving single nutritional traits of various crops with breeding, 
including improvement of iron, zinc, and manganese in wheat, and of iron in rice and in 
beans [25]. The most well known example of biofortification is Golden Rice, engineered to 
express high levels of beta-carotene, the precursor of vitamin A [26]. Biotechnology has also 
been used to increase not only minerals but also such diverse nutrients as folate, resistant 
starch, and fiber [25]. Previous biofortification research specific to improvement of 
bioavailable iron and protein quality in maize will be discussed in subsequent sections.  
Many of these previous biofortification efforts using biotechnology made use of genes from 
species other than the target crop. Biotechnology that makes use of genes from different 
species is controversial, and may not be well accepted by the target consumers in developing 
countries or by activists in developed countries. A cisgenic approach, in which genes and 
genetic elements from the species of interest are used to produce a desired phenotype, may 
prove more acceptable [27]. Maize and relatives of maize contain many genes that have the 
potential to improve nutritional quality of maize grain, including maize globin for 
bioavailable iron and seed storage proteins for protein quality. 
Iron deficiency and improvements in dietary iron 
Iron deficiency and absorption 
Approximately 1.62 billion people are affected by anemia, many due to poor iron status [28]. 
The regions most affected are Africa, South East Asia, and parts of South America [29]. 
Globally, anemia is most prevalent among pre-school age children (47.4%), followed by 
pregnant women (41.8%), and school-age children (25.4%) [28]. The prevalence of iron 
deficiency may be even greater than that of anemia, because tests for anemia do not identify 
iron deficiency [30]. Even mild iron deficiency has a wide range of negative health effects 
[30]. Two problems are of particular concern: the cognitive and physical development of 
infants is compromised [31], and the immune system of all age groups is inhibited [32,33].  
Iron status affects multiple health outcomes even when a direct link is not present. For 
example, iron deficiency increases mortality of pregnant women because they are less likely 
to survive blood loss in childbirth [34]. There is evidence that iron deficiency increases 
  
5 
absorption capacity for all divalent heavy metals, increasing susceptibility to heavy metal 
poisoning [35]. There are also direct economic consequences of iron deficiency. For 
example, iron deficient adults have decreased work productivity than iron replete adults 
[30,34]. 
Absorption of iron in the diet is affected by the state of iron deficiency. Most studies suggest 
that individuals that are iron deficient absorb about 20% of dietary iron, while individuals 
that have healthy levels of iron absorb about 10% of dietary iron [36]. Because of this 
variation in absorption, it is difficult to set a recommended daily value (RDV) for iron. The 
amount of dietary iron that must be absorbed per day to maintain a healthy iron status 
depends on age and menstruation status. Adult men require about 1mg while menstruating 
women require 1.5mg to as much as 3.4mg, pregnant women require 4-5mg toward the end 
of pregnancy, and children have high iron requirements during periods of rapid growth [37]. 
The iron RDV is 8mg for men and post menopausal women, 18mg for menstruating women, 
and 27mg for pregnant women [38]. Upper limits for daily dietary intake of iron are 40mg 
for infants and children, and 45mg for adolescents and adults [38]. The World Health 
Organization recommends rates of iron fortification that are higher than the upper limits 
listed here, but those rates are based on the bioavailability of the particular forticant [39] 
(Table 1.1).  
Inhibitors and enhancers of iron bioavailability 
In addition to iron status, bioavailability of iron depends on compounds in a meal that 
enhance or inhibit iron bioavailability. While heme iron is absorbed intact [40], absorption of 
non-heme iron in the diet can be greatly affected by preservation, processing, and preparation 
of food. Other foods eaten with the iron source can also affect bioavailability of non-heme 
iron. Changes in dietary habits can be effective in increasing bioavailability of existing iron 
in the diet, but they require large-scale educational efforts and changes in cultural practices 
as well as increasing access to food that enhance iron absorption. 
Phytates are the primary storage form of phosphorous in plants. As such, they are common 
compounds in plant-based diets [41]. Phytate binds iron as well as other minerals such as 
calcium, copper, and zinc [19] in a form that is not readily bioavailable. Enzymatic 
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deactivation of phytate, also known as phytic acid, with fermentation or germination, 
increases iron bioavailability of grains [15,42]. Consumption of polyphenols [43] such as 
tannins, found in coffee, tea [44], and some herbs, with meals can also decrease iron 
absorption [41].  
Ascorbic acid can overcome inhibitors of iron absorption, including calcium, phytic acid, and 
polyphenols [45]. Ascorbic acid enhances non-heme iron absorption [41], so preparation 
methods that include the addition of foods rich in vitamin C, such as citrus juice or tomatoes, 
will increase iron bioavailability of the meal. Unknown factors in meat increase the 
bioavailability of iron from plant sources [46]. Recently, nicotianamine was found to be an 
greater enhancer of iron bioavailability than ascorbic acid [47], and both EDTA and folic 
acid have been found to be effective co-forticants of iron as well [48]. 
Iron forticants 
Finding the right iron forticant is a challenge. It must be inexpensive, easily absorbed, able to 
overcome dietary inhibitors, and cause minimal changes in taste or color [45]. Ferrous sulfate 
(FeSO4) is a highly bioavailable iron forticant, and is considered the standard by which other 
iron forticants are measured. Iron bioavailability is often expressed as relative biological 
availability (RBA, also known as relative biological value, RBV), or the bioavailability of the 
iron compound compared to the bioavailability of ferrous sulfate within the same experiment, 
regardless of how bioavailability is measured. Despite its high bioavailability and low cost, 
ferrous sulfate is far from being an ideal forticant. It has a dark red color, a metallic taste, and 
can cause fats in flour to go rancid [45]. In addition, cooking can cause bioavailability of 
ferrous sulfate to decrease [49]. 
Iron forticants can be divided into four categories based on their solubility [50]. Forticants in 
category 1 are water-soluble, have high bioavailability, but are likely to have unpleasant 
sensory changes. Forticants in category 2 are poorly water-soluble but soluble in weak acid, 
with high bioavailability and few sensory changes. Forticants in category 3 are insoluble in 
water and poorly soluble in weak acid, with variable bioavailability and few sensory changes. 
Forticants in category 4 are chelates that tightly bind iron, have high bioavailability in the 
presence of the inhibitor phytic acid, and have some sensory changes. Table 1.1 shows 
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common forticants with their percentage of iron by weight and bioavailability, as collected 
by Hurrell [50]. Each of these potential iron forticants has advantages and disadvantages. For 
example, NaFeEDTA has been shown to be more bioavailable than ferrous sulfate when 
added to wheat flour [50], but is expensive compared to ferrous sulfate [45]. Electrolytic iron 
causes the least color change when added to corn flour tortillas, while ferrous sulfate causes 
the most color change [22,51]. 
Table 1.1 Percent iron by weight and relative bioavailability of common iron forticants categorized by 
solubility. 
Common iron forticants categorized by solubility 
Category Compound % Iron Bioavailability 
1 Ferrous sulfate 7 H2O 20 100 
 Ferrous sulfate, dried 33 100 
 Ferrous gluconate 12 89 
 Ferrous lactate 19 67 to 106
a
 
  Ferric ammonium citrate 17 50 to 70 
2 Ferrous fumarate 33 30 to 100
b
 
 Ferrous succinate 33 92 
3 Ferric pyrophosphate 25 21 to 75 
 Micronized dispersible ferric pyrophosphate 1.2 15 to 93 
 Ferric orthophosphate 29 25 to 32 
 Elemental iron: hydrogen reduced 96 13 to 148 
 Elemental iron: electrolytic 97 75 
  Elemental iron: carbonyl 99 5 to 20 
4 Ferrous bisglycinate 20 90 to 350 
 NaFeEDTA 13 200 to 400 
RBAs reported here are from human isotope absorption studies.  
a
 RBA of 106 for ferrous lactate was with added ascorbic acid.  
b
 For ferrous fumarate, RBA of 100 is for adults, RBA of 30 is for infants.  
Adapted from Hurrell [50]. 
 
The Department of Nutrition for Health and Development (NHD) of the World Health 
Organization has prepared guidelines for flour fortification that take into account the relative 
bioavailability of forticants and per capita consumption [39], as shown in Table 1.2. 
Fortification of flour alone is not sufficient for menstruating women when per capita flour 
consumption is less than 75g per day. Electrolytic iron is not recommended when per capita 
flour consumption is low; due to the large amount required, sensory qualities may be 
negatively affected [39]. 
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Table 1.2 Average levels of forticant recommend for addition to wheat flour based on forticant type and 
estimated per capita flour consumption. 
 
Recommended amounts of forticant by daily flour consumption 
Compound < 75 g/day 75 to 149 g/day 150 to 300 g/day > 300 g/day 
NaFeEDTA 40 ppm 40 ppm 20 ppm 15 ppm 
Ferrous sulfate 60 ppm 60 ppm 30 ppm 20 ppm 
Ferrous fumarate 60 ppm 60 ppm 30 ppm 20 ppm 
Electrolytic iron not recommended not recommended 60 ppm 40 ppm 
Adapted from WHO [39]. 
 
Biofortification of iron 
Some studies have shown that there is sufficient genotypic variation in major cereal crops to 
breed for higher total iron [52], but an evaluation of more than 1000 improved maize 
genotypes and 400 maize landraces found little variation of total iron in the grain [53]. 
Recent research on breeding for bioavailable iron rather than total iron has had some success 
[54], but the Caco-2 cell culture model and animal models for iron bioavailability make 
screening germplasm for improved bioavailability costly. Key to improving iron in the grain 
is mobilizing and redistribution of iron from the leaves to the grain [52]. Also important is 
ensuring that iron accumulates in the endosperm, because the embryo is often removed prior 
to consumption, although this practice is not as prevalent in maize as in wheat and rice.  
A variety of transgenic approaches have been used to improve total iron or bioavailable iron. 
Attempts to increase total iron by overexpressing iron transporters have had mixed success 
[19]. Expression of human lactoferrin with an endosperm specific promoter in rice caused a 
two-fold increase in total iron [52]. Expression of soybean ferritin in rice caused a two to 
three fold increase of total iron which was as bioavailable as ferrous sulfate [52]. Another 
approach is to reduce the antinutrient phytate. This can be accomplished with the gene for the 
enzyme phytase from a microorganism such as the fungus Aspergillus niger. Reduction in 
phytic acid may not be an optimal solution, as low phytic acid mutants have reduced 
germination rates, increased oxidative stress, reduced tocopherols, and DNA damage, 
indicating that phytate acts as an antioxidant [55]. These problems were not observed in 
maize with low phytic acid due to expression of fungal phytase [55]. Co-expression of 
ferritin and phytase increased iron bioavailability significantly [56]. There has been little 
  
9 
research into increasing iron bioavailability by expressing absorption enhancers, but this 
method shows promise. For example, over-expression of rice nicotianamine, a metal chelator 
present in all higher plants, in rice grain resulted in increased total iron and total zinc as well 
as an increase in iron bioavailability compared to wild-type rice [47]. 
Hemoglobin 
Iron in hemoglobin is not susceptible to inhibition of bioavailability caused by compounds 
like phytate. This is because heme is taken up by the digestive system intact, with heme 
oxygenase releasing the iron within mucosal cells [40] of the small intestine. Hemoglobin 
was originally isolated in mammals, but the gene for globin has been found in a variety of 
organisms, including bacteria and plants [5]. Hemoglobin consists of the protein globin and 
the iron binding heme. In this dissertation, globin protein that has been determined to have 
heme will be referred to as hemoglobin. Globin protein that does not contain heme or that has 
not yet been determined to contain heme will be referred to simply as globin. 
Bovine hemoglobin was shown to have bioavailability similar to that of ferrous sulfate [57]. 
Despite its high bioavailability, heme iron from animal sources is not currently used as a 
forticant. Problems include source, stability, and color. Hemoglobin may be obtained from 
waste blood from slaughterhouses, but this source is not available to many iron deficient 
populations, and may not be feasible for cultural or religious reasons. Whole dried blood, 
purified hemoglobin, and heme alone may be used as forticants. Using heme alone decreases 
the amount of forticant that must be added because 94% of hemoglobin is the globin protein, 
however this decreases iron bioavailability due to aggregation of free heme in the intestine 
[58]. When refrigerated, pure dry animal hemoglobin has a shelf life of about two years, but 
when reconstituted the shelf life is reduced to 10 days refrigerated and 21 days frozen [59]. 
The dark color of heme limits it as a forticant to dark colored foods such as chocolate and 
black beans [58]. 
Plant hemoglobin 
At least one globin gene has been found in each plant that has been investigated for such 
genes [5]. The three dimensional structures of multiple plant globins have been determined to 
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have a heme binding pocket [5,61], indicating that plant globin could contain heme in vivo. 
Plant heme is the result of a complex biosynthetic pathway [60], as shown in Figure 1.2. 
Heme has a ring of four nitrogens that interact with four of the six binding sites of an iron 
atom. The terminal histidine, an amino acid from the globin protein, binds to one of the 
remaining sites of an iron atom. In pentacoordinate hemoglobins, the sixth site binds strongly 
with oxygen and other gases, including nitric oxide and carbon monoxide. In hexacoordinate 
hemoglobins, the sixth site is bound by a second histidine [5]. 
Figure 1.2 Simplified plant tetrapyrrole synthesis pathway. Dashed lines represent multiple steps. Adapted from 
Cornah [60]. 
 
Three groups of globins have been found in plants: symbiotic, non-symbiotic, and truncated. 
There is evidence that the three groups evolved from a common ancestral hemoglobin [61]. 
Symbiotic hemoglobins are found in the root nodules of legumes and some other plants in 
association with nitrogen fixing bacteria. These pentacoordinate hemoglobins use iron to 
bind oxygen to create an anoxic, or low oxygen, environment for the bacteria. Non-symbiotic 
globins are present in low concentrations in plant tissue, so are unlikely to function as oxygen 
transporters like symbiotic hemoglobins [5]. They are hexacoordinate, but still show strong 
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affinity for oxygen [5]. Truncated hemoglobins are so-named because one of their domains is 
shorter than that of other globins [5]. The presence of heme in non-symbiotic and truncated 
globins in vivo has not yet been determined. 
The function of non-symbiotic globins remains unclear, but seems to be involved with stress 
response [5]. Non-symbiotic plant globins are involved in stress tolerance, allowing 
mitochondria to function and allowing plants to grow under conditions of low oxygen [62]. 
In maize seedlings, maize globin mRNA levels increased in root tips under stress due to high 
salt and low oxygen, and expression of maize globin in tobacco allowed greater tolerance to 
submergence and salt [63]. When barley globin was overexpressed in maize tissue culture 
cells under low oxygen, nitrous oxide levels were reduced [64].  
Only one study to date has tested the bioavailability of a plant hemoglobin. Proulx et al. 
compared the bioavailability of symbiotic leghemoglobin from soybean root nodules to that 
of bovine hemoglobin and ferrous sulfate [49]. They found that, when tested without a food 
matrix in a Caco-2 cell model, leghemoglobin was slightly more bioavailable than ferrous 
sulfate and bovine hemoglobin was twice as bioavailable as ferrous sulfate [49]. Notably, 
when added to a food matrix and cooked, bioavailability of ferrous sulfate was significantly 
decreased while the hemoglobins were unaffected [49]. 
Using biofortification to increase levels of heme iron in crops may bypass some of the 
problems presented by fortification with mammalian heme or hemoglobin, but more testing 
is needed to determine the bioavailability of non-symbiotic plant hemoglobins and to 
determine whether non-symbiotic globin in plants is associated with heme. 
Protein deficiency and seed storage proteins in maize 
Protein deficiency 
Protein-energy malnutrition (PEM), occurs when protein and nutrient intake do not meet 
requirements for growth and bodily maintenance [6]. Protein deficiency is associated with 
increased susceptibility to disease and subsequent mortality [65]. PEM can be defined by 
multiple measures, but underweight is the measure that can be found in most global data. 
Underweight is defined as a weight that is 80% of what is expected for the age. This 
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anthropometric indicator is primarily used for pre-adolescent children because height varies 
widely in adults [66]. The World Health Organization estimated the prevalence of 
underweight preschool children in 2010 was 16.2% percent (103.7 million). The prevalence 
was 4.3% in Central America and 19.3% in Africa (1.8 and 30.3 million respectively) 
[67,68], both including areas where maize is a staple crop.  
When inadequate protein intake is combined with adequate carbohydrate consumption over a 
long period of time, there is decreased synthesis of visceral proteins, including albumin. This 
results in a decrease in hydrostatic pressure in the vascular system and extravascular fluid 
accumulation under the skin and in body cavities [6]. Other measures of malnutrition are 
stunting (low height for age) and wasting (low weight for height). A low height for age is 
caused by chronic malnutrition that occurs when there is a protein and energy imbalance for 
an extended period of time [66]. A low weight for height is caused by acute malnutrition, or 
malnutrition of a high severity over a shorter period of time. A person can be affected by 
both chronic and acute malnutrition, being both stunted and wasting at the same time. In sub-
Saharan Africa, it is estimated that 10% of children are wasting and stunting can be as high 
as 40% in some areas [69].  
Dietary requirements for protein 
Dietary needs for protein vary, with 0.66g/kg of protein being the average daily requirement 
for adults, and 0.83g/kg meeting or exceeding the requirements for 97.5% of the healthy 
adult population [70]. Pregnant and lactating women require additional protein, up to 31g per 
day above pre-pregnancy requirements, depending on trimester or lactation status. There are 
no differences in protein requirements for age or sex in adults, based on available evidence. 
In addition to the 0.66g/kg daily protein requirement for body maintenance, children require 
additional protein for growth based on age. Infants require much more protein on a body 
weight basis, with an average daily requirement of 1.12g/kg, and 1.31mg/kg meeting or 
exceeding the requirements for 97.5% of healthy infants. The daily protein requirement falls 
rapidly up to age two, then gradually decreases until meeting the adult value at or shortly 
after age 18. Adolescent males require a little more protein for growth than adolescent 
females [70]. 
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The bioavailability of protein depends on relative amounts of non-essential and essential 
amino acids and on amounts of other nitrogen sources in the diet. Essential amino acids are 
those that cannot be made by the human body, thus must be acquired in the diet. A protein 
source that contains amino acids in approximately the same ratios as human dietary 
requirements is a complete or balanced protein and will be digested more efficiently than an 
incomplete protein [71]. Larger quantities of unbalanced proteins are needed to meet dietary 
needs. Small amounts of some essential amino acids are synthesized by bacteria in the gut, 
but not in quantities large enough to meet daily requirements [70]. For humans, the essential 
amino acids are: leucine, lysine, valine, phenylalanine, tyrosine, isoleucine, threonine, 
methionine, histidine, cysteine, tryptophan [70]. Of these, lysine is of the greatest concern 
because of the relatively low levels of lysine present in staple foods, including maize. Amino 
acid requirements for adults and amino acid content of maize are shown in Figure 1.3.  
Dietary protein needs of children and adults who are suffering from disease have higher 
protein and/or specific amino acid requirements, depending on the particular disease. For 
example, Kurpad et al. found that undernourished men with intestinal parasites required 
about 50% more lysine than uninfected men [72]. Previously undernourished children require 
additional protein and other nutrients above average required daily amounts [70]. These 
additional requirements must be considered in any efforts to increase total protein or protein 
quality of maize. 
Maize protein content and quality 
The total protein content of maize grain is highly elastic. The most well known experiment 
that altered total protein content in maize is the Illinois Long Term Selection Experiment. 
Starting with a single open pollinated variety, selection for high and low protein has been 
conducted since 1896 [73]. Typical maize lines consist of 8-12% protein, but selection has 
resulted in a high protein line with over 32% protein and a low protein line with 4% protein 
[74]. Even though high protein is possible in maize, selection for yield has increased starch 
and decreased total protein [75]. The decrease in total protein is not associated with a change  
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Figure 1.3 Adult amino acid requirements and amino acid requirements of three maize genotypes. Data from 
WHO [70] and Zarkadas [76]. The required mg/g protein is based on a mean nitrogen requirement of 105mg 
nitrogen/kg of body weight per day (0.66g protein/kg per day). 
 
in ratios of the essential amino acids lysine, methionine, and tryptophan [75], but the low 
content of these amino acids in maize has contributed to nutritional deficiency in regions 
where maize is the staple food, such as in Africa and Central America, particularly in cases 
where maize makes up more than 50% of the diet [69]. These amino acids are also important 
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when maize is used as an animal feed, such that maize must be combined with other grains or 
with synthetic amino acids to provide a complete protein source. 
While there is little variation in amino acid content in modern inbred lines, some mutations 
such as opaque2 significantly alter maize amino acid composition. Zarkadas et al. examined 
amino acid content of a quality protein maize (QPM) line, which contains the opaque2 
mutation, alongside flint and dent inbreds. They showed that the QPM line had 
approximately twice as much lysine as the flint and dent inbred lines (Figure 1.3). Using 
estimates of lysine content in QPM and non-QPM maize, Nuss and Tanumihardjo showed 
that 40% less QPM maize was needed to meet daily requirements for lysine compared to 
non-QPM maize, at 500g per day for adults and 100g per day for children [69]. Lysine, along 
with methionine and tryptophan, are important targets for improvement of maize protein 
quality.  
Zein description and function 
Zeins make up about 50% of total protein in the endosperm [77] and are not expressed 
elsewhere in the plant [78]. These seed storage proteins serve as a source of nitrogen for the 
seedling during germination and have no enzymatic activity [79]. Due to their localized 
expression at high levels, zein promoters are useful for many biotechnology applications 
[80], including expression of proteins for extraction and for biofortification. Zeins play an 
important role in total protein and amino acid content in maize. For example, the high protein 
line in the Illinois Long Term Selection experiment was found to have increased levels of 
zeins while the low protein line had decreased zeins [81]. 
Genetic similarity, solubility, and amino acid content are used to classify zeins into groups: 
alpha, beta, gamma, and delta [82]. Zeins aggregate into protein bodies in the rough 
endoplasmic reticulum of the lumen in endosperm cells. The alpha zeins accumulate in the 
center of protein bodies, after a shell consisting of beta and gamma zeins forms [83]. The 
gamma and delta zeins are also deposited on the surface of starch granules in the endosperm 
[84]. The alpha zeins (19 and 22kDa) are encoded by large group of genes, producing 
proteins that are abundant and variable across maize lines [85]. They contain primarily 
leucine and alanine, so are not desirable from a nutrition standpoint. The beta (14kDa), 
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gamma (16 and 27kDa), and delta (10 and 18kDa) zeins are less abundant but high in 
methionine and cysteine compared to alpha zeins. As the endosperm matures, zeins 
encapsulate starch granules into a hydrophobic starch-protein matrix [84,86]. This matrix has 
been shown to reduce the digestibility of starch when corn grain is fed to lactating dairy cows 
[87,88], which results in lower feed efficiency. 
None of the zeins are high in lysine, so mutations that decrease zein expression are of interest 
in improving amino acid balance of maize. In the homozygous state, the opaque2 mutation 
results in an increase in lysine greater than 50% [89]. opaque2 is a transcription factor that 
controls expression of zeins and of an enzyme that degrades free lysine. Maize with the 
opaque2 mutation has decreased zeins and higher free lysine [89]. However, the endosperm 
of opaque2 maize is soft so is more susceptible to storage pests and fungus than non-opaque 
maize. Breeding efforts to reduce these negative characteristics has resulted in quality protein 
maize (QPM). Upregulation of 27kDa gamma zein is associated with increased kernel 
hardness in QPM, possibly due to its role in protein body formation [90,91]. The 27kDa 
gamma zein is also notable because its promoter has been shown to drive high expression of 
transgenes in maize endosperm [92], making up 5% of endosperm transcripts [90]. Better 
understanding of the 27kDa gamma zein and other seed storage proteins may allow for 
improvement of protein quality in maize without reduction of yield or agronomic qualities. 
Green fluorescent protein and its use as a marker 
Characteristics of green fluorescent protein 
Green fluorescent protein (GFP) from the jellyfish Aequorea victoria can be used as a marker 
in living organisms. It requires no substrate or additional chemicals to induce fluorescence, 
and the amount of fluorescence is directly proportional to the amount of protein [93]. 
Although it is not visible in white light, GFP absorbs blue light (395nm excitation 
wavelength) and emits green light (509nm emission wavelength) [94] that can be viewed 
with an orange filter or quantified with a spectrofluorometer [95]. In A. victoria, the protein 
aequorin produces blue light in a reaction with Ca2
+
 ions, and that blue light excites nearby 
GFP [96]. While proteins that fluoresce in a rainbow of colors have been discovered or 
engineered [97], the bright green of GFP stands out especially well in maize kernels (Figure 
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1.4). In addition to alterations in color, the sequence of GFP has been optimized for 
expression in mammalian and plant cells [98]. The structure of GFP is well understood [99], 
consisting of a beta-barrel with an alpha-helix in the center (Figure 1.5). The barrel protects 
the chromophore inside from solvents that might quench fluorescence. The chromophore 
consists of three modified amino acids, including a tyrosine and a glycine that are conserved 
in all variations of green fluorescent protein [99].  
Figure 1.4 (left) Green fluorescent protein (GFP) expressed in maize endosperm in white light (left) and in blue 
light (485nm) with an orange filter (535nm) (right). 
Figure 1.5 (right) Cartoon structure of green fluorescent protein from Aequorea victoria [99]. On the right, the 
beta-sheet is cut away to show the chromophore. 
 
Uses of green fluorescent protein 
The characteristics of GFP make it an excellent marker for a variety of applications. In 
plants, GFP has proven to be a useful tool for both basic research and for applied work. For 
example, Stuitje et al. suggested that GFP could be used for high throughput seed screening 
in biotechnology applications, with GFP being used as a co-transformant to aid in 
identification of transformed Arabidopsis seeds [100]. Shepherd et al. used GFP to examine 
milling efficiency in separating maize endosperm from embryo [101]. Constructs that fuse 
GFP with a protein of interest have a variety of useful applications, including visualization of 
cellular structures and identification of protein location [102,103]. In maize, GFP has been 
expressed successfully with the ubiquitous maize ubi-1 promoter [104], and tissue specific 
promoters have allowed for highly localized expression of GFP. For example, it has been 
expressed in maize endosperm with the seed storage protein promoters 27kDa gamma, 
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22kDa alpha, and 19kDa alpha zeins and in the embryo with the globuin1 promoter [92]. 
Endosperm specific promoters are useful promoters for expression of nutrition related genes 
because the germ is often milled away to produce corn meal or flour.  
Breeding with transgenes 
Recurrent selection 
Recurrent selection is one of the most simple ways to improve a trait, if there is a 
straightforward way to quantify the trait of interest and a population with heritable variation 
for the trait [105]. Recurrent selection is simply the selection for a certain trait or traits over 
many generations, and can be used to control complex multi-genic traits. It results in 
combinations of genes in a genetic background that directly influence a phenotype. The 
Illinois Long Term Selection Experiment is a well-known example of how recurrent selection 
can result in dramatic changes in phenotype, in this case protein or oil content (Figure 1.6). It 
is the longest continuous genetics experiment in higher plants, having started in 1896. 
Recurrent selection for and against grain protein content resulted in 32 and 4% compared to 
an average of 8-12% protein [74]. Recurrent selection for and against grain oil content 
resulted in 20 and 1% compared to an average of 4-6% oil [74]. This experiment shows just 
how powerful recurrent selection can be. While the Illinois Long Term Selection Experiment 
is impressive in its longevity and in the large amount of divergence seen in the high and low 
lines while retaining genetic diversity, recurrent selection for a trait can also result in 
significantly different lines in just a few generations. For example, Scott et al. used recurrent 
selection to change methionine content in maize [105] (Figure 1.7). After 4 generations of 
selection, there was 17.6% difference between the high and low methionine lines [105].  
Modifier genes 
One advantage of recurrent selection is that it results in a combination of genes that is 
favorable to the trait of interest. When a mutation is causing the phenotype of interest, 
modifier genes, or genes that modify the effect of a mutation, can improve that phenotype or 
other phenotypes to make the mutation more useful. A well-known example of modifier 
genes occurs in quality protein maize (QPM), where the opaque2 mutation causes a favorable 
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increase in lysine content but also causes unfavorable pleiotropic effects. These phenotypes 
include reduced yield and soft endosperm that is susceptible to fungal infection. The soft 
endosperm appears opaque, in contrast with wild-type endosperm that is translucent.  
Figure 1.6 Percent protein (A) and percent oil (B) by year in the Illinois Long Term Selection Experiment.  
Abbreviations are as follows: Illinois high protein, Illinois low protein, Illinois reverse high protein, Illinois 
reverse low protein, Illinois reverse low protein 2, Illinois reverse high protein 2, Illinois reverse high protein 3, 
Illinois high oil, Illinois low oil. Figure by Lucas [74], used with permission. 
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Figure 1.   Selection responses in the a.) Illinois Protein Strains and b.) the Illinois Oil Strains.  109 generations of recurrent 
selection have created Illinois High Protein (IHP), Illinois Low Protein (ILP), Illinois High Oil (IHO) and Illinois Low Oil (ILO) 
strains.  After 48 cycles of forward selection, the direction of selection was reversed in each of these four strains to produce 
Illinois Reverse High Protein (IRHP), Illinois Reverse Low Protein (IRLP), Illinois Reverse High Oil (IRHO) and Illinois Reverse 
Low Oil (IRLO).  Il inois Reverse Low Protein 2 (IRLP2) was initiated from ILP at cycle 90, and Illinois Reverse High Protein 2 
(IRHP2) and Illinois Reverse High Protein 3 (IRHP3) were initiated from IHP at cycle 103.  Switchback High Oil (SHO) was 
initiated from IRLO at generation 55.  Protein concentrations are plotted for IHO and ILO in (a), and oil concentrations are 
plotted for IHP and ILP (b).   
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Figure 1.7 Selection for and against grain methionine content over 4 cycles. Open and closed circles represent 
different evaluation years. LM populations are indicated by negative cycle numbers and HM populations are 
indicated by positive cycle numbers. Figure by Scott [105], used with permission. 
 
Initially, the opaque2 mutation was simply backcrossed into existing maize lines but the 
negative agronomic traits associated with the mutation were not overcome [106]. Researchers 
at the International Maize and Wheat Improvement Center (CIMMYT, Centro Internacional 
de Mejoramiento de Maíz y Trigo) developed a strategy of mutation breeding that 
accumulated modifier genes that maintained the improved lysine content but modified the 
unfavorable agronomic traits. Lines that contained modifier genes were identified by their 
hard, translucent kernels, and these genes were brought together with a modified backcross 
and recurrent selection method [106]. These efforts resulted in maize lines adapted for a 
variety of environments that combine favorable agronomic traits with increased lysine 
content, and QPM is grown in many countries today for food and feed. 
Evolutionary breeding 
In 1956, Suneson described an evolutionary plant breeding method, showing that selection 
gains when starting with a diverse population matched gains from conventional breeding 
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methods [107]. Evolutionary plant breeding begins with combining diverse germplasm. The 
resulting population is then subjected to recurrent natural selection under typical farming and 
environmental conditions for that area. Natural selection will result in more progeny from 
plants that have higher fitness in those conditions [107]. This method is in contrast to 
conventional breeding methods that favor pure lines, using backcrossing and selfing to 
concentrate favorable genes. Conventional methods are highly successful, in part because 
they tend to be faster than evolutionary breeding, but they can be expensive [108]. 
Conventional breeding methods have resulted in varieties that perform well under different 
conditions, for example, conventional tillage and no-till systems, indicating that breeding for 
no-till systems is unnecessary [109]. However, divergence from conventional methods to low 
input methods may result in a need for breeding for those systems, and evolutionary breeding 
may prove to be useful. 
Conventional methods are used to combine desirable traits, but the resulting lines have 
reduced genetic diversity. An analysis of pedigrees of popular maize hybrids used in the 
1990s found that the founder contribution of the Reid Yellow Dent open pollinated variety 
was greater than 20% in all examined hybrids, and an additional 10-19% was contributed by 
a line related to Reid Yellow Dent [110]. Genetic diversity can be important for traits like 
disease resistance, such that variability within a variety allows for more diversity of alleles 
that contribute to resistance [111]. In nature, genetic diversity may allow mono-dominant 
stands of grasses to persist by improving resiliency in the face of changing conditions [112]. 
Evolutionary breeding methods may have particular value for environments with high 
variability such as low-input or certified organic farming [113,114,115], and the variability 
that is expected with climate change [116].  
Evolutionary plant breeding can be easily combined with mutation breeding. Starting with a 
diverse population that has been exposed to a mutagen, natural selection will result in a 
population comprised of plants with favorable mutations and favorable combinations of those 
mutations [117]. Evolutionary breeding will result in a genetic background that complements 
the mutations.  
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Transgene breeding 
Expression of a transgene and any pleiotropic affects associated with the transgene are 
affected by multiple factors. The construct itself, including the transgene, promoter, and 
terminator sequence as well as any introns or signal sequences, can affect where, when, and 
how much a gene is expressed. All of these can and should be considered during construct 
design [118]. Some factors that influence transgene expression and pleiotropic can not be 
controlled so must be evaluated. Each instance of insertion of the transgene into the target 
genome, called an event, can have different levels of transgene expression and pleiotropic 
effects, so multiple events should be evaluated. Each event can respond differently in 
different environments. For example, Zeller et al. found that four transgenic events in wheat 
yielded more than control lines in the greenhouse, but in the field, only one event was similar 
to its control [119]. In addition, just as mutations like opaque2 have different phenotypes in 
genetic backgrounds that contain different modifier genes, genetic background may affect 
expression of a transgene [120]. While there have been recommendations to evaluate 
transgenic events in different backgrounds [120,121], there have been few studies on the 
effect of background on transgene expression.  
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Chapter 2.  Iron Bioavailability of Maize Hemoglobin Using a Caco-2 Cell 
Culture Model 
Bodnar AL, Proulx AK, Scott MP, Reddy MB 
Abstract 
Maize is an important staple crop in many parts of the world but has low iron bioavailability, 
in part due to its high phytate content. Hemoglobin is a form of iron that is highly 
bioavailable and its bioavailability is not inhibited by phytate. We hypothesize that maize 
hemoglobin is a highly bioavailable iron source and that biofortification of maize with iron 
can be accomplished by overexpression of maize globin in the endosperm. Maize was 
transformed with a gene construct encoding a translational fusion of maize globin and green 
fluorescent protein under transcriptional control of the maize 27kDa gamma zein promoter. 
Iron bioavailability of maize hemoglobin produced in E. coli and of stably transformed seeds 
expressing the maize globin-GFP fusion was determined using a Caco-2 cell culture model. 
Maize flour fortified with maize hemoglobin was found to have iron bioavailability that is 
not significantly different from that of flour fortified with ferrous sulfate or bovine 
hemoglobin and that is significantly higher than unfortified flour. Transformed maize grain 
expressing maize globin was found to have significantly higher iron bioavailability than 
untransformed seeds. These results suggest that maize globin may be an effective iron 
forticant and that overexpressing maize globin in maize endosperm may be a successful 
strategy to increase bioavailable iron content in maize.  
Introduction 
Iron deficiency is the most prevalent nutrient deficiency, affecting an estimated two billion 
people worldwide [122], and even mild deficiency has a wide range of negative health effects 
[30]. Despite a variety of efforts and international mandates to reduce iron deficiency, 
minimal progress has been made, particularly in some of the most isolated and resource-poor 
regions of the world where processing-based fortification strategies have not been effective. 
Iron deficiency is a particular challenge in areas where maize is a staple crop because its high 
phytate content causes low iron bioavailability [41]. Novel strategies are necessary to reduce 
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iron deficiency in populations consuming maize, and biofortification may provide this novel 
approach. 
Biofortification is the development of staple crop genotypes that have improved nutritional 
qualities and is considered a cost efficient and self-perpetuating means of providing nutrients 
in staple crops [123,124]. There are significant challenges to overcome prior to the 
development of iron-biofortified maize. Some variation of total iron in maize grain has been 
found through evaluation of diverse maize genotypes [53,125], but improvement in total iron 
content may not increase bioavailable iron unless phytate is significantly reduced [42]. Low 
phytate maize mutants [126] can improve iron bioavailability [127,128], but have low yields 
and other negative effects [55,129]. Although natural variability in maize iron bioavailability 
[130] may provide a path to breeding improved varieties, transgenic biofortification could 
provide another route. Grains have been engineered for improved iron in a variety of ways 
[125]. In rice, expression of soybean ferritin resulted in bioavailability similar to FeSO4 
fortified rice when evaluated in a rat hemoglobin repletion model [131], and human 
lactoferrin produced in rice had bioavailability similar to FeSO4 in young women [132]. 
Reduction of phytate through expression of Aspergillus niger phytase has been achieved in 
maize, without the undesired agronomic effects seen in low-phytate mutants [133]. Improved 
iron bioavailability was also achieved with co-expression of fungal phytase and soybean 
ferritin [56].  
Transgenic biofortification faces its own challenges. Biotechnology that makes use of genes 
from different species may not be well accepted. A cisgenic approach, in which genes and 
genetic elements from the species of interest are used to produce a desired phenotype [134], 
may be more acceptable [135], particularly if there is a nutritional benefit [136]. Maize 
contains multiple genes that have the potential to increase total iron or iron bioavailability 
when overexpressed. One such gene encodes maize globin. Absorption of heme iron from 
animal sources is not affected by dietary factors like phytate [137]. Symbiotic soybean 
leghemoglobin was found to be as bioavailable as bovine hemoglobin [49], indicating there is 
potential for other plant hemoglobins to be used as iron bioforticants. Additionally, iron in 
soybean leghemoglobin did not decrease in bioavailability after cooking while the iron 
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bioavailability of ferrous sulfate was significantly reduced by cooking [49], further indicating 
that plant hemoglobins may be useful as iron forticants. 
The function of symbiotic plant globins is to produce an anoxic environment for nitrogen 
fixing bacteria by reversibly binding oxygen. While symbiotic plant globins are found only in 
legumes, all plants examined to date have genes coding for non-symbiotic globin proteins 
[138] and these globin genes in maize have been characterized [139]. The function of non-
symbiotic globins remains unclear, but they are able to reversibly bind oxygen [5], and they 
seem to be involved with stress response [5]. In maize seedlings, maize globin mRNA levels 
increased in root tips under stress due to high salt or low oxygen, and expression of maize 
globin in tobacco allowed greater tolerance to submergence or salt [63]. When barley globin 
was overexpressed in maize tissue culture cells under low oxygen, nitrous oxide levels were 
reduced [64]. To our knowledge, the iron bioavailability of non-symbiotic plant globins has 
not yet been determined. 
Overexpression of maize hemoglobin in maize endosperm is a potential avenue for 
development of maize with highly bioavailable iron that could circumvent the inhibitory 
effect of phytate. Endosperm is the starchy part of the maize kernel, containing carbohydrates 
and proteins that are used during germination. The endosperm is a desirable target for over-
expression of proteins for human nutrition as it is the part of the kernel that is most often 
consumed. The objective of this study is to evaluate the iron bioavailability of non-symbiotic 
maize globin expressed in maize endosperm and of maize hemoglobin expressed in E. coli. 
Methods 
Expression vector construction 
A construct containing the Zea mays endosperm specific 27kDa gamma zein promoter, a 
translational fusion of Zea mays globin 1 (ZmG) and green fluorescent protein (GFP) coding 
sequences, and the nos terminator, as shown in Error! Reference source not found., was used to 
ransform maize. To create this construct, the pAct1IsGFP-1 plasmid [140], containing the 
modified GFP gene sGFPs65T [98] (Genbank accession ABB59985) and nos terminator 
sequence (modified from Genbank accession V00087), was modified by the addition of the 
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27kDa gamma zein promoter (Genbank accession EF061093). This promoter was previously 
cloned from maize inbred Va26, and chosen because it was shown to produce high 
expression of GFP in maize endosperm tissue [92]. GFP was included as a visual marker. 
The nos terminator was chosen because it has been shown to be an effective transcriptional 
terminator in many biotechnology applications. The predicted maize globin protein was not 
found to contain signal peptides with SignalP [141], and no signal peptides or targeting 
sequences were added. 
 
 
 
Figure 2.1 Gene construct used to create maize overexpressing maize globin. The construct contains the 
endosperm specific 27 kDa gamma zein promoter, a fusion of maize globin (ZmG) and green fluorescent 
protein (GFP) coding sequences, and the nos terminator. The position of the start codon ATG and the 
translational stop codon are located as indicated here. This construct is designed to result in a translational 
fusion product with GFP fused to the C-terminus of ZmG. 
 
The cDNA for maize globin 1 was obtained from the Iowa State University Expressed 
Sequence Tag Library (Genbank accession BM333948). A PCR product containing the 
coding sequence for the mature ZmG protein was amplified using Pfu polymerase 
(Stratagene, La Jolla, CA) from the ZmG cDNA. The primers were designed such that the 
PCR product included an NcoI site in conjunction with the start codon and completes an 
additional NcoI site at the end of the PCR product, just before the natural stop codon of 
ZmG, such that there are no changes in the amino acid sequence of ZmG itself but two 
additional amino acids are added at the C-terminal end of ZmG, proline and tryptophan 
(forward primer CGCCCTTCCATGGCACTCGCGGAGGCC; reverse 
CCATGGCATCGGGCTTCATCTCCC; bold nucleotides are the NcoI sites and underlined 
nucleotides are not in the coding sequence of ZmG).  
The PCR product was subcloned to pCR 2.1 Topo Vector (Invitrogen Corporation, Carlsbad, 
CA) for amplification in E. coli XL1 Blue (Stratagene, La Jolla, CA). The ZmG was 
restriction digested from pCR 2.1 by NcoI, and was inserted into the vector containing the 
nos 27kDa gamma zein 
NcoI NcoI ZhoI 
ZmG GFP    
stop ATG 
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27kDa gamma zein promoter and GFP at the NcoI restriction site such that ZmG and GFP 
formed a translational fusion product (ZmG-GFP) with GFP fused to the C-terminus of ZmG. 
The sequence of the construct was verified by DNA sequencing at the Iowa State University 
DNA facility prior to transformation.  
Plant transformation, tissue culture, and seed production 
Stable transformation by gold particle bombardment of HiII Type II callus [142] was 
accomplished at the Plant Transformation Facility at Iowa State University. Callus was co-
bombarded with the globin-GFP expression vector and with a plasmid containing the bar 
gene for bialaphos resistance [143]. T0 callus was raised on bialaphos selective media, and 
resistant callus was screened with PCR with two primer sets for the presence of the ZmG-
GFP construct using GoTaq (Promega, Madison, WI) (forward primer 1 
CCGATCGACACCATGGCACTCGCGGAG, reverse 1 
CTTGCTCACCATGGCATCGGGCTTCATC; forward primer 2 
GATGAAGCCCGATGCCATGGTGAGCAAG, reverse 2 
CTGCAGCCGGGCGGCCGCTTTACTTG). The first primer set covered the fusion region 
between the 27kDa gama zein promoter and globin coding sequence to the fusion between 
globin and GFP. The second primer set covered the globin and GFP fusion region to the end 
of the GFP coding region. This approach eliminated any ambiguity that may have arisen 
from amplification of the native globin gene or 27kDa gamma zein promoter. 
Transformed calli that were PCR positive for the gene construct were regenerated to plants in 
the Plant Transformation Facility Greenhouse, and crossed to the inbred B73 to create F1 
kernels. All subsequent plants were grown at the Iowa State University Transgenic Nursery 
in Ames, IA. Kernels from F1 events found to be positive for the transgenic protein were 
advanced to the BC2F1 generation in 2007 by crossing to B73. In 2009 plants grown from 
seeds with visible GFP expression were crossed to three non-transgenic inbred lines: B110, 
B73, and Mo17. The ZmG-GFP ear from 2009 with the largest number of fluorescent kernels 
was chosen for analysis. This ear was produced by crossing the inbred B110 with a 
heterozygous BC2F1 plant containing event 73. The GFP only ear was from a line developed 
by Shepherd [92], also grown in 2009. The ears chosen for analysis were segregating for 
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their respective transgenes, as was expected based on their pedigrees, and kernels expressing 
the transgene were compared to kernels from the same ear that did not express the transgene.  
In this way, environmental and genetic effects were minimized. Segregation ratios and 50-
kernel mass in duplicate were determined for three randomly selected ears that were also 
from crosses of BC2F1 event 73 with B110. A chi square test was used to determine whether 
the actual segregation ratios were significantly different from the expected 50% transgene 
positive and 50% transgene negative ratio. A student’s t-test was used to determine whether 
mass of positive and negative kernels was significantly different. 
Maize hemoglobin and antibody production 
Maize globin was expressed in E. coli, purified, and characterized as described by Smagghe 
et al. [144]. The protein was purified using metal affinity chromatography, resulting in a 
single band on an SDS-PAGE gel, and had a Soret/280 ratio that was characteristic of pure 
hemoglobin [144]. For this study, heme iron in the purified protein was confirmed with FTIR 
spectroscopy as described by Kundu et al [145], and the purified maize hemoglobin (ZmHb) 
was used as an antigen for polyclonal antibody production in rabbits (ProSci Incorporated, 
Poway, CA). 
Transgenic kernel screening 
Screening for transgene positive kernels consisted of visual screening () for GFP 
fluorescence using a Dark Reader hand lamp (Clare Chemical, Dolores, CO) followed by 
measuring fluorescence of individual visually positive kernels in a 24-well plate with a 
spectrofluorometer (Tecan, Mannedorf-Zurich, Switzerland) at 485 nm excitation and 535 
nm emission wavelengths. Fluorescence of flour for the iron bioavailability study was 
determined by placing equivalent amounts of flour from each sample into a 6-well Costar 
plate (Corning, Lowell, MA) and measuring 4 points within each well. Comparisons between 
samples were made with a Student’s t-test. 
In the F1 generation, the presence of the ZmG-GFP gene fusion product in fluorescent 
kernels was confirmed by immunoassay. Flour (50mg) ground from positive kernels and the 
two untransformed parents (B73 and A188) was suspended in 500uL of Lammeli buffer, 
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boiled, centrifuged, and 15uL of the supernatant was loaded on 15% SDS-PAGE gels. 
Separated proteins were then transferred to a nitrocellulose membrane, blocked overnight 
with 5% milk in Tris Buffered Saline with 0.05% Tween 20 (TBST). Membranes were 
probed for 3h either with anti-GFP monoclonal antibody (Living Colors, Clontech, Mountain 
View, CA), or with anti-ZmHb polyclonal antibody (described above) with 1:25,000 dilution 
in 2% milk in TBST. Membranes were then probed for 1h with horseradish peroxidase 
conjugated goat anti-rabbit or goat anti-mouse antibody, respectively, both diluted 1:50,000 
in 2% milk in TBST. Immunoreactive bands were visualized by chemilluminescence.  
Figure 2.2 Kernels from a representative ear segregating for ZmG-GFP in white light (left) and in blue light 
(485nm) with an orange filter (535nm) (right). Fluorescing kernels appear bright yellow-green while non-
fluorescing kernels appear dark or orange. 
 
Iron bioavailability of maize hemoglobin produced in E. coli 
Whole seeds of the inbred maize line B73, grown at the ISU Agronomy Farm in 2009, were 
ground into fine flour with a Sorvall grinder (Thermo Fisher Scientific Inc., Waltham, MA). 
The flour was fortified with one of the following forticants: ZmHb produced in E. coli, 
bovine hemoglobin (Sigma Aldrich, St. Louis, MO), or ferrous sulfate (Sigma Aldrich, St. 
Louis, MO). For each forticant, 30ppm iron by weight was added to the flour. No forticant 
was added to the negative control flour sample. Because bioavailability of an iron forticant 
can be affected by cooking [146], and since virtually all maize for human consumption is 
cooked, the fortified corn flour was made into simple porridge by heating 3.5g of flour with 
10mL of deionized water and 1mM ascorbic acid in a glass pot until stiff. The porridge was 
then freeze-dried.  
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Each sample was digested in duplicate as described by Glahn [3] and modified by Proulx 
[15,49]. Briefly, the freeze-dried samples were mixed with 15mL 0.1M HCl and adjusted to 
pH 2.0 with 1M HCl. Then, 1mL of pepsin solution (1.2g 1:10,000 porcine pepsin A in 
10mL 0.1mol/L HCl) was added and the sample incubated for 1hr at 37°C with shaking at 
500 rpm to mimic gastric digestion. The pH was then adjusted to 6 with 1mol/L NaHCO3, 
and 5mL of pancreatin and bile solution (0.05g 4xUSP porcine pancreatin and 0.3g bile 
extract in 35mL of 0.1mol/L NaHCO3) was added. To mimic duodenal digestion, the samples 
were incubated at 37°C with shaking for 15min. The digests were then heat treated for 4min 
at 100°C to inactivate proteases, as suggested previously [147], and centrifuged at 5000 x g 
for 10min.  
The iron uptake experiment was conducted as described by Proulx and Reddy [15]. All 
reagents for cell culture work were from Sigma Aldrich (St Louis, MO) or Gibco BRL 
(Grand Island, NY) unless otherwise mentioned. Caco-2 cells (American Type Culture 
Collection, Rockville, MD) at passage 18 were grown in a culture flask containing 
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS), 1% v/v 
nonessential amino acids and 1% v/v antibiotic-antimycotic solution. Cells were maintained 
at 37°C in an incubator with 5% CO2. Media was changed 3 times weekly. At 7 days, the 
cells were rinsed with Earle’s Balanced Salt Solution (EBSS), trypsinised to dissociate the 
cells, and centrifuged at 22.6 x g. The cells were seeded at passage 29 at a density of 5x10
4 
cells/cm
2
 on collagenized (Type 1 Rat tail collagen) 12-well Costar cell culture plates 
(Corning, Lowell, MA).  
Fifteen days post seeding, the cell monolayer was rinsed with EBSS. For cell uptake, 0.5mL 
of serum free media and 0.5mL of the supernatant of each digest were added to each cell 
culture well in a randomized complete block design, and incubated for 2hr. A subsequent 
0.5mL serum free media was then added, followed by further incubation for 22hr. Serum free 
media consisted of DMEM with 1% v/v nonessential amino acids, 1% v/v antibiotic-
antimycotic solution, 0.4mg/mL hydrocortisone, 0.5ug/mL selenium, 3.4μg/mL T3 
(triiodothyronine), and 1mmol/mL PIPES (piperazine-N,N'-bis-[2-ethanesulfonic acid]), 
2μg/mL EGF (epidermal growth factor), and 1mg/mL insulin [3]. After 24hr total incubation, 
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digests and media were removed by aspiration, and cells were rinsed with 1.5mL EBSS. The 
cells were then lysed by addition of 0.5mL deionized water to each well, and sonicated with a 
probe-type sonic dismembranator at lowest setting (< 1W output) for 15 seconds.  
Protein in cell lysates was determined in duplicate with the Bradford Coomassie Assay 
(Pierce Laboratories, Rockford Illinois), and ferritin was determined by radioimmunoassay 
(Fer-Iron II, Ramco Laboratories, Stafford TX) and measured with a Cobra-II gamma 
counter with SpectraWorks software (Packard BioSciences, Meriden CT). Ferritin 
concentration was normalized to protein concentration and iron bioavailability was expressed 
as relative biological availability (RBA = (ng ferritin/μg protein)/(mean control ng ferritin/μg 
protein)) to the positive control (B73 flour fortified to 30ppm iron with ferrous sulfate) on a 
plate-by-plate basis. Comparisons across samples were made with a Student’s t-test. 
Iron bioavailability of maize globin expressed in maize kernels 
For each ear, white kernels were visually separated into GFP positive and negative kernels, 
ground into fine flour, made into porridge, freeze dried, digested, applied to cells at passage 
41, and iron bioavailability was quantified as above. A positive control of B73 flour fortified 
to 30ppm iron by weight with ferrous sulfate (Sigma Aldrich, St. Louis, MO) was treated 
identically to the other flour samples.  
Results 
The bioavailability of iron in maize flour fortified with maize hemoglobin is 
similar to iron in bovine hemoglobin and ferrous sulfate 
In order to determine the utility of maize non-symbiotic hemoglobin as an iron bioforticant, 
we examined the bioavailability of maize hemoglobin produced in E. coli (ZmHb) using a 
Caco-2 cell culture model to compare ZmHb to other forticants. The iron bioavailability in 
relative biological availability (RBA) of maize flour fortified with ZmHb was not 
significantly different from that of flour fortified with bovine hemoglobin (BHb) or ferrous 
sulfate (FeSO4), but all three were significantly different from an unfortified maize flour 
sample (p = 0.0005), as shown in Figure 2.3. 
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The presence of heme iron in ZmHb was confirmed by FTIR spectroscopy (Figure 2.4). The 
size of the ZmHb protein found to be approximately 18kDa by Western blot (Figure 2.5). 
Arechaga-Ocampo previously found the molecular weight of ZmHb to be 18.3kDa [139].  
 
Figure 2.3 Iron bioavailability of fortified maize flour expressed in relative biological availability (RBA). RBA 
for bovine hemoglobin (BHb), maize hemoglobin (ZmHb), and ferrous sulfate (FeSO4) are not significantly 
different, but all three are significantly different from flour with no added forticant (p = 0.0005, n = 8) when 
compared with a student’s t-test. 
 
Figure 2.4 Heme iron in ZmHb produced in E. coli as detected with FTIR. Oxygenated ferric maize hemoglobin 
has a peak at 412nm (blue) and reduced ferric maize hemoglobin has a peak at 418nm (green). 
 
Production of the ZmG-GFP fusion protein in transgenic maize kernels 
We next set out to produce transgenic maize plants expressing maize globin. To facilitate 
detection of transgenic kernels, the globin coding sequence was translationally fused to GFP 
by elimination of the stop codon within the globin gene. Of 80 calli screened, 20 were PCR 
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positive for both regions of the construct. In the F1, kernels from 15 events were visually 
positive for GFP, and the other 5 events were discarded. There are a number of possible 
reasons why 6 events were PCR positive but did not have visible GFP fluorescence in the F1 
generation, including transgene silencing and rearrangement of the transgene during 
bombardment or integration into the genome. Of these 15 events, 7 were selected for further 
experiments based on number of available kernels. 
Segregation ratios were determined for three randomly selected ears from crosses of event 73 
in BC2F1 with the inbred line B110. Two of the three ears did not have segregation ratios 
that were significantly different from the expected 50% transgene positive and 50% 
transgene negative ratio (p = 0.2373 and 0.5859, n = 232 and 273 kernels, respectively). The 
third ear did have significant variation from the expected ratio (p = 0.0007, n = 186), with 
65% more positive than negative kernels. We conclude that the transgene was successfully 
incorporated into the maize genome and transmitted through meiosis. The mass of visually 
GFP positive and negative kernels from the same ear was not significantly different (p = 
0.9348, n = 100 kernels each from 3 ears, data not shown), indicating that the transgene is not 
causing changes in mass. There were significant differences in kernel mass between ears (p < 
0.0001) that can be attributed to genetic and environmental differences between the plants 
that produced them. 
The observation of GFP in kernels suggested that the transgene was successfully transcribed 
and translated. We next characterized the ZmG-GFP polypeptide. The predicted fusion 
protein has a molecular weight of approximately 43kDa, with 18kDa contributed from maize 
globin and 25kDa contributed by GFP, and this molecular weight was confirmed by SDS-
PAGE with immunoblot detection (Figure 2.5) in the 7 events that were tested. No proteins 
in either of the untransformed parental lines reacted with either the ZmG or GFP antibodies, 
suggesting concentrations of native globin protein in maize endosperm were too low to 
detect. Representative blots including two of the events expressing the ZmG-GFP fusion 
protein are shown in Figure 2.5. 
The ZmG-GFP ear and the GFP only ear that were chosen for analysis were segregating for 
fluorescence. When quantified, fluorescence levels were significantly different between 
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visually identified GFP positive and negative kernels (p < 0.0001) on both types of ears 
(Table 2.1). Fluorescence levels of ZmG-GFP positive and GFP positive were significantly 
different (p = 0.0361), with ZmG-GFP being higher than that of GFP alone. 
Figure 2.5 Western blots of maize endosperm using antibodies to GFP or ZmHb. Lanes on both blots: 1 ZmHb 
produced in E. coli (30ng), 2 GFP standard (Clontech, Mountain View, CA) (20ng), 3 transgenic event 26 F1, 4 
transgenic event 65 F1, 5 untransformed A188, 6 untransformed B73. 
Table 2.1 Iron bioavailability expressed in relative biological availability (RBA) and fluorescence of ZmG-GFP 
and GFP only flour from visually GFP positive and negative maize kernels. Statistical comparison was 
conducted with a student’s t-test. 
 
Iron bioavailability and fluorescence of ZmG-GFP and GFP flours 
  
RBA Fluorescence 
  
   n    Mean    SD p value    n     Mean    SD p value 
ZmG-GFP 
positive 16 0.81 0.61 
0.0464* 
4 19,822.50 2,650.88 
< 0.0001* 
negative 16 0.54 0.23 4 1,298.75 170.17 
GFP 
positive 16 0.41 0.16 
0.1403 
4 15,634.00 4,259.48 
< 0.0001* 
negative 16 0.61 0.37 4 2,038.25 136.56 
 
Maize flour expressing ZmG-GFP has higher iron bioavailability than 
transgene negative flour 
The iron bioavailability of ZmG-GFP positive transgenic maize flour was 51% higher than 
that of ZmG-GFP negative flour (p = 0.0464*), but the GFP positive flour was 33% lower 
than the negative flour (p = 0.1403), as in Table 2.1. The ZmG-GFP positive flour had 97% 
more bioavailable iron than GFP positive flour (p = 0.0043). High variability in protein 
measurements existed between plates, possibly because some wells were not as well seeded 
with Caco-2 cells as others. 
ZmHb antibody                GFP antibody  
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Discussion 
The objective of this study was to determine the potential of maize hemoglobin as iron 
forticant by evaluating the iron bioavailability of maize hemoglobin expressed in E. coli and 
of non-symbiotic maize globin expressed in maize endosperm. Our results show that maize 
hemoglobin is as bioavailable as ferrous sulfate when added to flour at equal concentrations 
of iron. Additionally, transgenic maize kernels expressing maize globin fused to GFP were 
found to have significantly more bioavailable iron than kernels from the same ear that were 
not expressing ZmG-GFP and significantly more than maize expressing GFP alone. Further 
studies are needed to confirm these effects across different transformation events and 
environments. 
Maize has a significant amount of phytate, which is a potent inhibitor of iron absorption. 
Increasing total iron content may not be an effective method for improving iron nutrition, 
which may require strategies that improve iron bioavailability. The strategy of 
overexpressing ferritin received attention because plant ferritins have shown absorption as 
high as FeSO4 in rat models [131] and in humans [132]. It is now understood that ferritin is 
degraded during digestion and iron associated with the protein will enter the common non-
heme iron pool, making it susceptible to phytate inhibition [148]. Unlike ferritin, hemoglobin 
has a unique uptake pathway and transport mechanisms [149], and the heme pyrrole is 
protective against the inhibitory effects of phytate and other non-heme iron inhibitors [137].  
Because globin is produced as a translational fusion on the N-terminus of GFP, the presence 
of GFP in transformed kernels suggests that globin is also present. Western blots confirm the 
presence of a fusion protein of the expected size that reacts with both GFP and ZmHb 
antibodies. GFP greatly facilitated kernel screening, and the ZmG-GFP expressing kernels 
could be useful for development of a screening methodology for globin that could then be 
used in future plant transformations overexpressing globin without the GFP. We were 
concerned that GFP could inhibit folding of globin or that GFP may have some effect on iron 
bioavailability, but here we have shown that GFP alone does not affect iron bioavailability 
and that ZmG-GFP increased iron bioavailability. In a rodent feeding study, Richards et al. 
found that GFP was unlikely to pose a risk with regard to overall health or allergenicity 
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[150], so the ZmG-GFP lines could be evaluated for iron bioavailability in an animal feeding 
study with little concern that GFP would influence results. 
The significant increase in iron bioavailability in ZmG-GFP positive kernels may be due to 
additional heme iron. Alternatively, it is possible that the globin protein itself has a positive 
effect on iron bioavailability. Because of the ubiquitous nature of heme compounds within 
cells, it was assumed that the ferrochelatase activity required for heme pyrrole insertion into 
the expressed ZmHb would be accomplished without need of further genetic modification. 
Previous transgenic expression studies found that heme incorporation into the globin protein 
did not require overexpression of enzymes responsible for heme synthesis [144]. The three-
dimensional structures of multiple plant globins have been determined to have a heme 
binding pocket [5,61] and maize globin expressed in E. coli for this study was found to 
contain heme iron, indicating that plant globin could contain heme iron in vivo. However, 
only low concentrations of the native globin protein have been found in plant tissue [5], and 
incorporation of heme iron into plant globin in planta has not been detected.  
Even though expression of ZmG-GFP was detected with fluorescence and confirmed with 
Western blot, we were unable to reliably detect heme, possibly due to low concentration of 
the protein in endosperm tissue. The fusion protein could not be identified on SDS-PAGE 
(not shown), suggesting that expression is low. In maize flour, chemiluminescence assay and 
FTIR spectroscopy for heme iron, and immunoprecipitation with the ZmHb antibody 
followed by measurement of total iron all had inconclusive results. Attempts to find native 
globin protein in untransformed seed and seedling tissues found no reactivity with the ZmHb 
antibody, suggesting that the native hemoglobin is not present in detectable concentrations. 
The maize globin presumed expressed in plant tissues was not detected by Western blot in 
roots, stems or leaves of 14d seedlings when exposed to 48h of oxygen reduced environment, 
or 250mM NaCl (data not shown). These results were not entirely unexpected, as Aréchaga-
Ocampo et al. detected maize globin with Western blot in 5-7d seedlings but found that 
levels of globin were greatly decreased in 14d seedlings [139]. 
Drakakaki et al. showed that localization of recombinant proteins contributes to protein 
functionality [151]. While subcellular localization of the ZmG-GFP protein within the 
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endosperm was not investigated in this study, it was expected to accumulate in the cytoplasm 
because signal sequences were not used. It is known that the presence of transgenic 
hemoglobin can have significant effects on plant growth and can alter concentrations of a 
wide variety of metabolites [152,153]. However, compartmentalization may compromise 
heme pyrrole incorporation. It is suggested that the enzymes in plants responsible for heme 
synthesis and the insertion of iron into heme pyrroles are associated with the mitochondria 
and chloroplasts [60,154,155], but it is not currently clear where heme pyrrole insertion into 
globin takes place. In Arabidopsis, alfalfa, and cotton, hemoglobin is found in the cytosol and 
in the nucleus [156], indicating that cytoplasmic accumulation of the protein would be 
sufficient for heme pyrrole insertion. Maize globin sequence is not predicted to have a signal 
sequence [141]. Still, appropriate targeting could result in higher protein expression levels, or 
greater heme pyrrole incorporation.  
This study and a previous study by Proulx and Reddy [49], suggest that plant hemoglobins 
could be useful candidates for biofortification, conferring nutritional advantages of heme iron 
to plant foods. Using plant globin may decrease ethical concerns and ease acceptance 
compared to use of an animal globin. It is the long-term goal of this research to develop 
maize lines overexpressing maize globin using only maize DNA. Development of maize 
lines using a construct containing the 27kDa gamma zein promoter, maize globin, and 27kDa 
gamma zein termination sequences all derived from maize genomic sequences will challenge 
regulatory definitions of genetic modification [134].  
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Chapter 3.  Recurrent Selection for Transgene Levels in Maize Results in 
Proxy Selection for a Native Gene with the Same Promoter 
Bodnar AL, Schroder MH, Scott MP 
Abstract 
High expression levels of a transgene can be very useful, making a transgene easier to 
evaluate for safety and efficacy. High expression levels can also be very important for 
production of large amounts of transgenic protein. The goal of this research is to determine if 
recurrent selection for a transgene will result in higher expression, and if selection for a 
transgene controlled by a native promoter will also increase expression of the native gene 
with the same promoter. To accomplish this goal we used transgenic maize containing a 
construct encoding green fluorescent protein controlled by the maize endosperm specific 
27kDa gamma zein seed storage protein promoter. Recurrent selection for fluorescence 
intensity was carried out in two genetic backgrounds. After three generations of selection, the 
selected populations were significantly more fluorescent and had significantly higher levels 
of 27kDa gamma zein than the randomly selected control populations. The results show that 
recurrent selection can be used to increase expression of a transgene and that selection for a 
transgene controlled by a native promoter increases expression of the native gene with the 
same promoter via proxy selection. 
Introduction 
The Illinois Long Term Selection Experiment is a well-known example of how recurrent 
selection can result in dramatic changes in phenotype, in this case protein or oil content. 
Starting with a common population in 1896, recurrent selection for and against grain protein 
content resulted in 32 and 4% compared to an average of 8-12% protein and recurrent 
selection for and against grain oil content resulted in 20 and 1% compared to an average of 4-
6% oil [74]. While the Illinois Long Term Selection Experiment is impressive in its longevity 
and in the large amount of divergence seen in the high and low lines while retaining genetic 
diversity, recurrent selection for a trait can also result in significantly different lines in just a 
few generations. For example, Scott et al. used recurrent selection to change methionine 
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content in maize [105]. After 4 generations of selection, there was 17.6% difference between 
the high and low methionine lines [105]. Other examples of recurrent selection programs in 
maize that have had successful response to selection include increased prolificacy (number of 
ears) in the Golden Glow population [157], long and short ear length [158], pseudostarchy 
endosperm or extreme sugary endosperm in a sugary1 background [159], and many others. 
Despite such success with this method in improving non-transgenic traits, recurrent selection 
has not been reported as a method to increase transgene expression. High expression levels of 
a transgene can be very useful, making the transgene easier to evaluate for safety and 
efficacy. It can also be important for production of high levels of transgenic protein. Thus, 
recurrent selection for increased levels of transgenic protein would be useful if it was shown 
to be successful. 
Here, we subject green fluorescent protein (GFP) controlled by the 27kDa gamma zein 
promoter to selection pressure with recurrent selection. To our knowledge, this is the first 
description of recurrent selection for transgene expression. GFP is a convenient marker that 
produces fluorescence that is directly proportional to the amount of protein [93] and can be 
screened visually or quantified with spectrophotometry in whole kernels, requiring no 
processing to induce fluorescence. In maize, seed storage proteins called zeins make up about 
50% of total protein in the endosperm [77] and are not expressed elsewhere in the plant [78]. 
Due to their localized expression at high levels, zein promoters are useful for many 
biotechnology applications [80], including expression of proteins for extraction and for 
biofortification. The 27kDa gamma zein promoter was previously shown to drive high 
expression of GFP in maize endosperm [92].  
Recurrent selection is only possible if the trait of interest can be easily quantified. This means 
that traits that are expensive or difficult to measure are unlikely to be subjected to recurrent 
selection, even if an increase in those traits would be useful. We propose that it may be 
possible to apply selection pressure on a transgene with the same promoter as the native gene 
of interest in order to increase expression of the native gene. 
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This research investigates recurrent selection as a method to increase transgene expression 
and looks at the effects of that selection on native genes. The primary hypothesis is that 
selection for high fluorescence will result in higher expression of GFP in following 
generations. The secondary hypothesis is that expression of the 27kDa gamma zein will also 
increase due to selection pressure on the 27kDa gamma zein promoter, in a phenomenon we 
propose to call proxy selection. 
Materials and methods 
Transgenic seed development  
Maize kernels expressing GFP were developed and backcrossed to B73 for 3 generations by 
Shepherd [92]. The construct contained the Zea mays 27kDa gamma zein endosperm-specific 
promoter cloned from inbred Va26 (Genbank accession EF061093), the modified green 
fluorescent protein (GFP) gene sGFPs65T (Genbank accession ABB59985) [98], and the nos 
terminator sequence (modified from Genbank accession V00087). GFP and the nos 
terminator were from the pAct1IsGFP-1 plasmid [140]. 
Development of segregating populations and seed production 
The breeding plan is outlined in Figure 3.1. All plants were grown at the Iowa State 
University Transgenic Farm in Ames, IA as follows: Year 1 in 2006, Year 2 in 2007, Year 3 
in 2009, Year 4 in 2010. There was no planting in 2008 due to field flooding. In year 1, the 
transgene was bred into two complex, multi-parental populations that had been selected for 
multiple generations for agronomic properties, BS11 and BS31 [105]. Kernels from the 
resulting full-sib ears were tested for fluorescence as described below. These diverse 
backgrounds provided the genetic variability needed for selection. Using two different 
genetic backgrounds allowed us to determine if any observed effects were specific to a single 
background or if the two backgrounds reacted similarly to selection. Approximately 50 ears 
were harvested from each population each year. To avoid selecting for homozygosity at the 
transgene locus in the selected populations, each year only ears that were visually segregating 
for GFP were used to advance all populations. Rather than using divergent selection (i.e. 
selection for high GFP in one population and low GFP in another), selected populations were 
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compared to randomly mated populations because selection for decreased expression of GFP 
would be likely to result in either silencing or expression of fluorescence below the lower 
detection limit. 
In year 2, 50 randomly selected seeds from each of the five most fluorescent ears were 
planted and the resulting plants intermated to create two selected populations (Sel1), one 
derived from BS11 and the second derived from BS31. Methods for fluorescence 
measurement can be found below. In addition, 50 randomly selected seeds from each of five 
randomly selected ears were planted and the resulting plants were intermated to create two 
random (control) populations (Ran1), one derived from BS11 and the second derived from 
BS31. In year 3, ears from each Sel1 population were tested for fluorescence and the selected 
ears were intermated as in year 1 to create Sel2. The random populations were advanced as 
described for year 2 to create Ran2.  In year 4, the selected and random populations were 
advanced to create Sel3 and Ran3. 
Figure 3.1 Breeding strategy used to develop selected and random populations over three generations. For the 
selected populations, the most fluorescent ears were used as the parents for the next generation. For the random 
populations, random ears were used as the parents for the next generation. The abbreviation fl. is for 
fluorescence. 
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Field design 
Twelve populations (two starting populations x selected or random x three cycles of 
selection) were evaluated in one experiment in 2010. Random and selected populations from 
the same starting population and generation were randomly assigned positions in an adjacent 
pair of plots to optimize comparison of random and selected populations. Plots consisted of 
four rows of 50 kernels each. Plants within each population were intermated by hand using 
chain sib pollinations to avoid pollen flow from neighboring populations. 
GFP screening 
A Dark Reader hand lamp (Clare Chemical, Dolores, CO) was used to visually screen kernels 
for GFP fluorescence. Quantification of fluorescence was conducted by measurement with a 
spectrofluorometer (Tecan, Mannedorf/Zurich, Switzerland) at 16 points within each well of 
a 6-well Costar plate (Corning, Lowell, MA), at 485nm excitation and 535nm emission 
wavelengths. Wells were filled with random visually positive kernels. Each plate was shaken 
and measured 5 times for a total of 80 individual fluorescence measurements per sample to 
ensure a representative measurement of the sample. Throughout the experiment, only ears 
that were visually determined to be segregating for GFP expression, as shown in Figure 3.2, 
were eligible for further analysis.  
Figure 3.2 Maize segregating for GFP expression in white light (top) and in blue light (485nm) with an orange 
filter (535nm) (bottom). 
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Quantification of seed storage proteins 
To determine whether selection for GFP with the 27kDa gamma zein promoter resulted in 
changes in levels of the native 27kDa gamma zein, alcohol soluble seed storage proteins 
were quantified with HPLC. Two samples, consisting of either random visually GFP positive 
or random visually GFP negative kernels, were taken from 20 random ears from each of the 4 
populations in generation 3: BS11 Sel3, BS11 Ran3, BS31 Sel3, and BS31 Ran3.  
Each sample was ground to fine flour and alcohol-soluble proteins were extracted with an 
alcohol-based buffer, as described by Flint-Garcia [85]. The proteins were separated with 
HPLC on a C18 protein and peptide column in a Waters 2695 Separation Module with a 
gradient of water and acetonitrile, both with 0.01% trifluoroacetic acid. The flow rate was 
0.5ml/min and the concentration of water changed as follows: 50% at 0min, 46% at 33min, 
40% at 35min, to 20% at 37min which was held for 15min. Absorbance was measured at 
200nm with a Waters 2487 Dual Absorbance Detector. Individual peak areas for each sample 
were integrated using Empower software (Waters, Milford, MA) with a minimum peak width 
of 30 and threshold of 800. Peaks were grouped by retention time. The 27kDa gamma zein 
and the alpha zein region were identified by comparison to known HPLC profiles 
[82,160,161]. 
Phenotypic evaluation 
To determine the extent of change of unselected traits in the course of the experiment, three 
phenotypic traits unrelated to the transgene were evaluated: germination rate, kernel mass, 
and percent nitrogen. Germination rates for each of the 12 populations planted in year 4 were 
determined by counting the number of plants in each row, not including tillers. Kernel mass 
of each of the 12 populations planted in year 4 was determined by weighing a bulk of 50 
random kernels from each ear that was segregating for GFP in duplicate. Percent nitrogen of 
0.5g of two flour samples, consisting of either random visually GFP positive or random 
visually GFP negative kernel, from 10 random ears from S3 and R3 of both genetic 
backgrounds was determined by combustion analysis by the Iowa State University Soil and 
Plant Analysis Laboratory.  
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Selection was carried out on the basis of ears rather than seeds, with randomly selected 
mixtures of GFP positive and GFP negative seeds from segregating ears used to advance both 
selected and random populations each year. It was expected that each population would have 
approximately 50% of all ears segregating for GFP, 25% with all positive kernels, and 25% 
with all negative kernels. To determine whether zygosity of the population was being 
affected by selection, the percentage of total harvested ears per population that were 
segregating for GFP was determined. Ears with all GFP-negative kernels cannot be visually 
distinguished from ears with uniform low expression, so only segregating ears were counted 
for the purpose of determining the percentage of segregating ears in each population. 
Statistical analysis 
We consider each cycle of selection to be a replication of two pairs of random and selected 
populations, one each in two genetic backgrounds. To determine if selection was effective, 
we determined the slopes regression lines formed by plotting cycle of selection versus the 
value of the trait of interest for the random and selected populations. Selection was deemed 
effective if a significant difference was found between the slopes of the random and selected 
populations. Basso et al. showed that a quadratic regression can explain response to selection 
better than linear regression [162]. A linear regression was used here because a quadratic 
response would not be readily detectable over just three generations of selection. Statistical 
significance was evaluated with JMP [163] using ANOVA of least squares regression 
models, as proposed by Eberhart [164]. The model used to test fluorescence, germination 
rate, and kernel mass is as follows: 
Yijk = μ + Gen + SelOrRani + GB + Gen*SelOrRani + Gen*GBj +  SelOrRan*GBij + Gen*SelOrRan*GBij + 
errorijk 
Where Y is the observed value of the treatment and: 
μ = the overall mean of the observed values 
Gen = the effect of generations of selection 
SelOrRan = the effect of selected or random 
GB = the effect of genetic background, BS11 or BS31 
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Generation was fit as a continuous co-variate. All effects were considered fixed effects, 
limiting the inference space to the observations made in this study. The response of the 
fluorometer was not linear so fluorescence values were log transformed. This produced a 
normal distribution of the residuals. For fluorescence, germination, and mass the means for 
selected and random populations were plotted against generation.  
For zein peak area and total protein, we examined the variation within the most advanced 
cycles of selection (Sel3 and Ran3). ANOVA was carried out with JMP [163], using the 
following fixed effects model: 
Yijkl = μ + GFPi + SelOrRanj+ GBk + GFP*SelOrRanij + GFP*GBik +  SelOrRan*GBjk + GFP*SelOrRan*GBijk 
+ errorijkl 
Where Y is the observed value of the treatment, and: 
μ = the overall mean of the observed values  
GFP = visually positive or negative for GFP fluorescence 
SelOrRan = the effect of selected or random 
GB = the effect of genetic background, BS11 or BS31 
A chi square test was used to determine whether the percentage of total harvested ears per 
population that were segregating for GFP varied significantly from the expected 50%.  
Results 
Expression of GFP was increased with selection 
We first set out to determine if transgene activity (measured as florescence of GFP in whole 
kernels) could be increased by recurrent selection. Selected populations and randomly 
advanced populations were developed in parallel from the same starting population. Selection 
was carried out in two different starting populations, one in the broad-based synthetic BS11 
and the other in the broad-based synthetic BS31. After three cycles of selection, the 
populations were evaluated for fluorescence in a single year. The null hypothesis under 
investigation was that the change in fluorescence levels with generation of selection was not 
different from the change observed in randomly advanced populations. This hypothesis was 
tested using ANOVA (Table 3.1). The effect used to test this hypothesis is Gen*SelOrRan, 
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which was found to be significant (n = 30 ears for each population, with 14,400 total 
measurements). This shows that the gain from selection was significantly different from 
changes in fluorescence found in the random populations. As shown in Figure 3.3, the 
selected populations have a strong positive trend for increased fluorescence while the random 
populations have a weak negative trend.  
The main effect of the Gen covariate was significant; there was a trend with generation that is 
significantly greater than zero when the selected and random populations are considered 
together. The main effects SelOrRan and GB were also significant. Gen*GB and 
Gen*SelOrRan*GB were not significant effects, indicating that the response to selection was 
similar in both genetic backgrounds. 
Figure 3.3 Effect of selection on fluorescence. Data points show mean fluorescence values plotted versus 
generation. Least squares regression lines derived from the Gen covariate are shown as well. The slopes of the 
two lines are significantly different from each other (alpha < 0.05). 
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of interest is SelOrRan, which was found to be significant (n = 40 ears, each with a visually 
GFP positive and negative sample, for a total of 80 samples), with mean 27kDa gamma zein 
levels being 22.73% higher in the selected samples compared to the random samples (mean 
and standard deviation of selected = 8,638,293.03 ± 1,463,872.44, and random = 
7,033,848.51 ± 1,817,705.02). Notably, 27kDa gamma zein levels were not significantly 
different between GFP positive and negative samples in either genetic background. This 
shows that selection for GFP controlled by the 27kDa gamma zein promoter did increase 
27kDa gamma zein levels but that presence of the transgene had no effect. Zein levels vary 
by genetic background, and GB had a significant effect on 27kDa gamma zein levels, as was 
expected.  
In addition to the 27kDa gamma zein, 12 of the 17 other zeins were significantly increased in 
the selected samples compared to the random samples, and no zeins were significantly 
decreased. One peak was significantly decreased in the GFP positive samples compared to 
GFP negative samples. Genetic background had a significant effect on 10 zeins. ANOVA 
tables for all zeins can be found in Table 3. Composite HPLC traces created by subtracting 
the mean random absorbance values from the mean selected absorbance values are displayed 
in Figure 3.4. 
Selection for fluorescence had minimal changes in unrelated traits 
There were no overall visual differences between the populations but plants within each 
population did vary visually for height, color, and other characteristics, as is expected for 
segregating populations. Three traits unrelated to fluorescence were quantified to determine 
whether there were significant differences between selected and random populations: 
germination rate, kernel mass, and percent nitrogen. For germination rate and kernel mass, 
significance of the effect Gen*SelOrRan would indicate whether the trend of the trait over 
generations is different between the selected and random populations. For percent nitrogen, 
significance of the SelOrRan effect would indicate a significant difference between the 
selected and random populations in the third generation. 
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Table 3.1 Analysis of variance of peak area for fluorescence, germination rate, and kernel mass. 
 
 
Fluorescence Germination rate Kernel mass 
Source DF 
Sum of 
Squares p value   DF 
Sum of 
Squares p value   DF 
Sum of 
Squares p value 
 Gen
1
 1 19.26 < 0.0001 * 1 1.23 0.5822  1 88.32 0.0018 * 
SelOrRan
2
 1 197.20 < 0.0001 * 1 3.25 0.3717  1 82.41 0.0026 * 
GB
3
 1 254.13 < 0.0001 * 1 0.94 0.6294  1 88.80 0.0018 * 
Gen*SelOrRan 1 17.78 < 0.0001 * 1 0.11 0.8677  1 2.69 0.5848 
 Gen*GB 1 0.28 0.4618  1 5.86 0.2321  1 24.38 0.1005 
 SelOrRan*GB 1 36.25 < 0.0001 * 1 2.33 0.4492  1 383.03 < 0.0001 * 
Gen*SelOrRan*GB 1 0.78 0.2184  1 9.23 0.1354  1 205.85 < 0.0001 * 
Model 7 525.67 < 0.0001 * 7 22.95 0.5746  7 954.96 < 0.0001 * 
Error 14392 7366.30 
 
  44 175.57 
 
  888 8008.80 
 C. Total 14399 7891.97 
 
  51 198.52 
 
  895 8963.76 
 
Co-variates in the model are as follows: 
1 
The effect of generations of selection. 
2 
The effect of the selected 
populations vs. the randomly advanced populations. 
3
 The effect of genetic background, BS11 vs BS31. 
 
Table 3.2 Analysis of variance of 27kDa gamma zein peak area and percent nitrogen. 
 
 
27kDa gamma zein levels Percent nitrogen 
 
DF 
Sum of 
Squares 
(billions) p value   DF 
Sum of 
Squares p value 
 GFP
1
 1 1479.60 0.3770   1 0.08 0.7843  
SelOrRan
2
 1 50428.00 < 0.0001 * 1 4.89 0.0411 * 
GB
3
 1 68352.00 < 0.0001 * 1 0.04 0.8475 
 GFP*SelOrRan 1 1603.50 0.3579   1 0.06 0.8200 
 GFP*GB 1 29.61 0.9003   1 0.14 0.7246 
 SelOrRan*GB 1 3315.80 0.1875   1 0.90 0.3675 
 GFP*SelOrRan*GB 1 4040.00 0.1462   1 0.13 0.7312 
 Model 7 131120.00 < 0.0001 * 7 6.24 0.5736 
 Error 73 136740.00 
 
  32 34.56 
 C. Total 80 267860.00 
 
  39 40.80 
 
Co-variates in the model are as follows: 
1 
The effect of visually GFP positive vs. visually negative kernels. 
2 
The 
effect of the selected populations vs. the randomly advanced populations. 
3
 The effect of genetic background, 
BS11 vs BS31. 
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Figure 3.4 Composite HPLC traces. The red line is the mean of the selected traces minus the mean of the 
random traces. Peak 2 is the 27kDa gamma zein, identified by comparison to known HPLC traces [82]. The * 
indicates a significant difference between the selected and random samples (alpha ≤ 0.05), all significant peaks 
were higher in the selected samples. The ° indicates a significant difference between visually GFP positive and 
negative samples (alpha ≤ 0.05), the significant peak was higher in the GFP negative samples. 
 
The Gen*SelOrRan effect was not significant for germination rate (Figure 3.5, n = 52 rows 
of plants), nor was any other model effect, indicating that this trait was not altered by 
selection. The ANOVA table for germination rate can be found in Table 3.1.  
For kernel mass, the main effect of the Gen covariate was significant (n = 896, 2 reps each 
per 448 ears), indicating that there was a trend with generation that is significantly greater 
than zero when the selected and random populations are considered together. However, as 
shown in Figure 3.6, the Gen*SelOrRan effect was not significant. The main effects 
SelOrRan and GB were also significant. Gen*GB and Gen*SelOrRan*GB were not 
significant effects, indicating that the change was the same in both genetic backgrounds. 
Percent nitrogen was 30.84% lower in selected populations compared to random populations 
in generation 3 (n = 20 samples made up of 2 samples each from 10 ears per genotype). This 
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may be due to higher variability of measurements in the random populations. The mean 
percent nitrogen and standard deviation was 2.27 ± 1.36 for ears in the random populations 
and 1.57 ± 0.19 for ears in the selected populations. There was no significant difference in 
percent nitrogen between visually GFP positive and negative kernels, indicating that 
expression of the transgene did not have an effect on total protein. The ANOVA table for 
percent nitrogen can be found in Table 3.1. 
Percent nitrogen was 30.84% lower in selected populations compared to random populations 
in generation 3 (n = 20 samples made up of 2 samples each from 10 ears per genetic 
background). This may be due to higher variability of measurements in the random 
populations. The mean percent nitrogen and standard deviation was 2.27 ± 1.36 for ears in 
the random populations and 1.57 ± 0.19 for ears in the selected populations. There was no 
significant difference in percent nitrogen between visually GFP positive and negative 
kernels, indicating that expression of the transgene did not have an effect on total protein. 
The ANOVA table for percent nitrogen can be found in Table 2. 
There is significant deviation from the expected 50% segregating ears in the random 
populations (64.53%, p = 0.0050, n = 234 ears) but not in the selected populations (55.09%, 
p = 0.4334, n = 216 ears). This indicates that zygosity was not changed with selection for 
increased fluorescence. While the random populations had more segregating ears than 
expected, there is no trend for increasing or decreasing fluorescence, as shown in Figure 3.7. 
Discussion 
The objective of this research was to determine if selection for transgene activity could 
change transgene activity relative to randomly advanced populations. We found that selection 
for transgene expression is effective. The transgene in this study behaved as a native trait 
would be expected to behave under a recurrent selection program. These findings provide a 
new way to increase levels of transgene expression. We also determined the effects of 
selection for transgene activity on an endogenous gene with the same promoter as the 
transgene, finding that the expression of the endogenous gene was increased. 
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Figure 3.5 Effect of selection on germination rate. Data points show mean fluorescence values plotted versus 
generation. Least squares regression lines derived from the Gen covariate are shown as well. The slopes of the 
two lines are not significantly different from each other (alpha ≤ 0.05). 
Figure 3.6 Effect of selection on kernel mass. Data points show mean fluorescence values plotted versus 
generation. Least squares regression lines derived from the Gen covariate are shown as well. The slopes of the 
two lines are not significantly different from each other (alpha ≤ 0.05). 
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Figure 3.7 Effect of selection on percentage of segregating ears. Data points show percentage of segregating 
ears plotted versus generation. There is significant deviation from the expected 50% segregating ears in the 
random populations, but not in the selected populations (alpha ≤ 0.05). 
 
Fluorescence of GFP controlled by the 27kDa gamma zein promoter was significantly 
increased with three cycles of selection in two genetic backgrounds. Even though the native 
27kDa gamma zein was not the target of selection, its expression was significantly increased 
in both genetic backgrounds. The magnitudes of the increase in fluorescence and 27kDa 
gamma zein levels in generation 3 are similar. For fluorescence, the selected populations 
were 17.28 and 48.58% higher than the random populations for BS11 and BS31 respectively. 
For 27kDa gamma zein levels, the selected populations were 14.35 and 31.40% higher than 
the random populations for BS11 and BS31 respectively. Since the common element in the 
transgene and the native gene is the promoter, it seems likely that selection had an impact on 
transcription, possibly by increased expression of a transcription factor. Additional studies, 
such as RNASeq for known 27kDa gamma zein transcription factors, are needed to 
determine if this is the case.  
In addition to significant increases in 27kDa gamma zein levels, multiple other zeins also had 
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promoters [165]. The 27kDa gamma zein plays a role in protein body formation, and 
stabilizes other zeins [166], so increased expression of the 27kDa gamma zein in the selected 
populations may be contributing to higher stability of other zeins. This effect has been seen 
in quality protein maize, where higher expression of 27kDa gamma zein is associated with 
kernel vitreousness [167]. Alternatively, the significant differences in zeins could be due to 
genetic drift or to genotypic differences. For example, gamma zein expression is known to be 
highly variable across genotypes [85]. However, the lack of significant differences between 
selected and random populations in percent nitrogen or germination rate and the lack of a 
trend toward higher or lower kernel mass indicates that genetic drift is not occurring for these 
traits. 
Notably, there were no significant differences in 27kDa gamma zein expression between 
GFP positive and negative seeds. GFP negative seeds in the selected populations had 
elevated levels of 27kDa gamma zein that were just as high as levels in GFP positive seeds, 
indicating that the genetic changes resulting from selection are not dependent on the presence 
of the transgene. This change in expression of one gene through selection of another gene 
could be thought of as selection by proxy, or proxy selection. Proxy selection could be a way 
to use a reporter transgene as a breeding tool to alter the expression of a native gene that 
shares regulatory elements with the reporter transgene. The transgene can be segregated out 
after selection, leaving no transgene in the final product. It is unclear what the regulatory 
status of such a product would be.  
In this study, expression of the native gene 27kDa gamma zein was increased by recurrent 
selection for expression of a GFP transgene with the 27kDa gamma zein promoter. Proxy 
selection has the potential to be a useful tool to increase expression of native promoters 
whose products are difficult to quantify. 
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Table 3.3 Analysis of variance of zein peak areas . ANOVA for the 27kDa gamma zein (peak 2) can be found in 
Table 3.2. Co-variates in the model are as follows: GFP = The effect of visually GFP positive vs. visually 
negative kernels. SelOrRan = The effect of the selected populations vs. the randomly advanced populations. GB 
= The effect of genetic background, BS11 vs BS31. 
 
Peak Source DF 
 Sum of 
Squares   p value   
 
Peak Source DF 
 Sum of 
Squares      p value   
1 GFP 1  267.55  0.6154 
  
3 GFP 1  1,260.20  0.1082 
 1 SelOrRan 1  195.79  0.6672 
  
3 SelOrRan 1  8,753.70  0.0001 * 
1 GB 1  19,887.00  0.0001 * 3 GB 1  692.83  0.2318 
 1 GFP*SelOrRan 1  7.64  0.9322 
  
3 GFP*SelOrRan 1  6.25  0.9091 
 1 GFP*GB 1  1,013.20  0.3304 
  
3 GFP*GB 1  18.55  0.8441 
 1 SelOrRan*GB 1  237.37  0.6360 
  
3 SelOrRan*GB 1  973.06  0.1573 
 1 GFP*SelOrRan*GB 1  777.71  0.3931 
  
3 GFP*SelOrRan*GB 1  77.28  0.6883 
 1 Model 7  24,446.00  0.0069 * 3 Model 7  11,782.00  0.0026 * 
1 Error 39  40,676.00  
   
3 Error 72  34,298.00  
  1 C. Total 46  65,122.00  
   
3 C. Total 79  46,080.00  
  4 GFP 1  172.85  0.5356 
  
5 GFP 1  4,547.30  0.3729 
 4 SelOrRan 1  1,807.80  0.0479 * 5 SelOrRan 1  276,920.00  < 0.0001 * 
4 GB 1  998.19  0.1391 
  
5 GB 1  145,170.00  < 0.0001 * 
4 GFP*SelOrRan 1  156.74  0.5552 
  
5 GFP*SelOrRan 1  614.51  0.7427 
 4 GFP*GB 1  34.05  0.7831 
  
5 GFP*GB 1  358.86  0.8019 
 4 SelOrRan*GB 1  1,558.50  0.0657 
  
5 SelOrRan*GB 1  156,470.00  < 0.0001 * 
4 GFP*SelOrRan*GB 1  99.01  0.6390 
  
5 GFP*SelOrRan*GB 1  260.60  0.8307 
 4 Model 7  4,933.90  0.1556 
  
5 Model 7  555,630.00  < 0.0001 * 
4 Error 70  31,217.00  
   
5 Error 70  395,860.00  
  4 C. Total 77  36,151.00  
   
5 C. Total 77  951,500.00  
  6 GFP 1  1,348.90  0.5544 
  
7 GFP 1  237.36  0.7303 
 6 SelOrRan 1  19,251.00  0.0293 * 7 SelOrRan 1  14,163.00  0.0093 * 
6 GB 1  3,862.70  0.3188 
  
7 GB 1  20,633.00  0.0019 * 
6 GFP*SelOrRan 1  347.36  0.7638 
  
7 GFP*SelOrRan 1  61.11  0.8611 
 6 GFP*GB 1  13.80  0.9522 
  
7 GFP*GB 1  6.29  0.9552 
 6 SelOrRan*GB 1  18,921.00  0.0306 * 7 SelOrRan*GB 1  14,999.00  0.0076 * 
6 GFP*SelOrRan*GB 1  23.87  0.9372 
  
7 GFP*SelOrRan*GB 1  86.25  0.8354 
 6 Model 7  30,021.00  0.3625 
  
7 Model 7  51,001.00  0.0019 * 
6 Error 46  174,920.00  
   
7 Error 70  138,740.00  
  6 C. Total 53  204,940.00  
   
7 C. Total 77  189,740.00  
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Table 3.3 Analysis of variance of zein peak areas (continued). ANOVA for the 27kDa gamma zein (peak 2) can 
be found in Table 3.2. Co-variates in the model are as follows: GFP = The effect of visually GFP positive vs. 
visually negative kernels. SelOrRan = The effect of the selected populations vs. the randomly advanced 
populations. GB = The effect of genetic background, BS11 vs BS31. 
 
Peak Source DF 
 Sum of 
Squares   p value   
 8 GFP 1  1,761.10  0.6011 
  8 SelOrRan 1  6,361.00  0.3216 
  8 GB 1  90,596.00  0.0003 * 
8 GFP*SelOrRan 1  347.00  0.8163 
  8 GFP*GB 1  139.29  0.8830 
  8 SelOrRan*GB 1  3,619.20  0.4540 
  8 GFP*SelOrRan*GB 1  62.17  0.9217 
  8 Model 7  102,540.00  0.0359 * 
8 Error 74  472,690.00  
   8 C. Total 81  575,230.00  
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Chapter 4.  Wide Variability in Kernel Composition, Seed Characteristics, 
and Zein Profiles Among Diverse Maize Inbreds, Landraces, and Teosinte 
Flint-Garcia SA, Bodnar AL, Scott MP 
This work has been published in Theoretical and Applied Genetics volume 119, issue 6 
(2009), on pages 1129-1142. Copyright Springer Science+Business Media, reprinted with 
minimal modifications with kind permission from the publisher. 
Interpretive summary 
All crop species have been domesticated from their wild relatives, resulting in decreased 
genetic variation in the domesticate compared to the ancestor. Geneticists are just now 
beginning to understand the genetic consequences of selection on the agronomic traits that 
are relevant today. It is, therefore, also critical to understand the growth, physiology, and 
other various attributes of the wild relatives from which the crop has evolved. This is 
especially true for corn (maize), where its wild ancestor, teosinte, is so strikingly different 
from modern day maize. We evaluated seed characteristics, kernel composition, and profiles 
of the zein seed storage proteins for a diverse set of modern inbred lines, teosinte collections, 
and landraces (the evolutionary intermediate between inbreds and teosinte). We found that 
both teosinte and landraces vary significantly from modern inbreds and landraces for the 
majority of the traits we looked at. We have determined that teosinte and landraces harbor 
useful phenotypic variation that will be essential to geneticists in their attempts to understand 
the genetic architecture of agronomically and evolutionarily relevant traits. This information 
will also be valuable breeders who strive for corn improvement via traditional plant breeding 
and/or biotechnology. 
Abstract 
All crop species have been domesticated from their wild relatives, and geneticists are just 
now beginning to understand the consequences of artificial (human) selection on agronomic 
traits that are relevant today. The primary consequence is a basal loss of diversity across the 
genome, and an additional reduction in diversity for genes underlying traits targeted by 
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selection. An understanding of attributes of the wild relatives may provide insight into target 
traits and valuable allelic variants for modern agriculture. This is especially true for maize 
(Zea mays ssp. mays), where its wild ancestor, teosinte (Z. mays ssp. parviglumis), is so 
strikingly different than modern maize. One obvious target of selection is the size and 
composition of the kernel. We evaluated kernel characteristics, kernel composition, and zein 
profiles for a diverse set of modern inbred lines, teosinte accessions, and landraces, the 
intermediate between inbreds and teosinte. We found that teosinte has very small seeds, but 
twice the protein content of landraces and inbred lines. Teosinte has a higher average alpha 
zein content (nearly 89% of total zeins as compared to 72% for inbred lines and 76% for 
landraces), and there are many novel alcohol-soluble proteins in teosinte relative to the other 
two germplasm groups. Nearly every zein protein varied in abundance among the germplasm 
groups, especially the methionine-rich delta zein protein, and the gamma zeins. Teosinte and 
landraces harbor phenotypic variation that will facilitate genetic dissection of kernel traits 
and grain quality, ultimately leading to improvement via traditional plant breeding and/or 
genetic engineering. 
Introduction 
Maize was domesticated in a single event from teosinte about 7,500 years ago in central 
Mexico [168]. It is believed that a founding population of teosinte individuals was isolated 
from the progenitor population via human selection to form an ancestral maize population. 
By the time Columbus discovered the Americas, artificial selection and the steady 
accumulation of mutations allowed the range of maize to expand from Mexico to Canada 
[169]. During this expansion, different maize lineages adapted to local growing conditions 
(soil type, temperature, altitude, and biotic and abiotic stresses) and desired human uses. 
While the resulting heterogeneous, open-pollinated landraces resemble modern maize more 
than teosinte, they can be considered an intermediate between teosinte and modern inbreds 
[170]. Landraces have not undergone inbreeding and have not been selected to perform under 
highly intensive agriculture practices. Focused maize breeding efforts beginning in the early 
1900s resulted in inbred lines that, when crossed, produce hybrids with increased vigor and 
substantially higher yields. 
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The mays and parviglumis subspecies differ substantially in plant, ear, and seed 
morphologies [171]. The most striking examples include differences in plant and 
inflorescence architecture conferred by the teosinte branched1 locus [172] and the hardened 
glume structure (fruitcase) surrounding the teosinte kernel conferred by teosinte glume 
architecture1 [173]. Large scale sequencing studies comparing teosinte to modern inbred 
lines have indicated 2-4% of the maize genome has experienced artificial selection 
throughout its history, i.e., during domestication and/or plant breeding [170,174]. These 
selected genes can be roughly divided into two classes: “domestication genes” where 
diversity is greatly reduced in landraces and inbreds, and “improvement genes” where 
diversity is severely reduced in only inbreds. For either class of selected genes, there is little 
or no genetic variation remaining in inbred lines to contribute to crop improvement by 
traditional breeding or gene discovery by genetic analysis. 
Maize kernel composition is important in terms of human and animal nutrition. Typical 
kernel composition values for the commodity yellow dent corn on a dry matter basis are 
71.7% starch, 9.5% protein, 4.3% oil, 1.4% ash, and 2.6% sugar [175]; 80% of the protein is 
stored in the endosperm, the nutritive tissue of the seed. The essential amino acids lysine, 
tryptophan, and methionine are limited because they are lacking or present at low levels in 
zeins, the major class of storage proteins. Zeins constitute about half of the endosperm 
protein, and thus nearly half of the total seed protein [77]. Genetic and genomic studies have 
revealed great complexity of zein gene families [176,177,178,179] and support earlier 
observations that different classes of zeins have varying amino acid compositions [180,181]. 
Because the zeins are so abundant, they have a large impact on the amino acid composition 
of the kernel. Most attempts to improve the nutritional quality of maize protein involve 
altering zein content. One example of this is the development of Quality Protein Maize, 
where the opaque2 mutation alters zein levels in the kernels [106]. A second example is the 
use of dzr1, a mutation that results in overproduction of a methionine-rich zein, to develop 
high-methionine inbred lines [182]. A number of transgenic approaches involving 
modification of zein levels have been explored as well [183,184,185]. 
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Teosinte and landrace accessions may be sources of genetic variation for maize 
improvement, especially for genes that have limited or no variation remaining in modern 
inbred lines due to initial domestication events and plant breeding [170,174]. An example of 
the utility of wild species in genetic studies and crop improvement is using Oryza rufipogon 
grain yield in rice [186]. This is likely the case for the maize starch pathway, where three of 
six genes have experienced selection during domestication [187]. Several studies suggest that 
progenitors of modern maize contain a diversity of zein genes that is lacking in modern 
inbreds [178,188]. For example, Swarup et al. [188] found that exotic maize and wild 
members of the genus Zea exhibited higher levels of methionine-rich delta zeins than maize 
inbreds, leading the authors to hypothesize that the high methionine trait was lost in the 
course of domestication. Whether loss of the high methionine trait was a result of artificial 
selection or random genetic drift is unclear. Introgression of Z. mays ssp. mexicana, a 
teosinte more distantly related to maize than ssp. parviglumis, into maize resulted in lines 
with significantly higher protein content, as well as higher lysine, methionine, and/or 
phenylalanine content on a kernel weight basis [21]. 
Geneticists are just now beginning to understand the consequences of domestication and 
breeding history of a crop species [189,190,191]. One such consequence is that useful genetic 
variation may have been lost during the domestication process. Knowledge of the growth, 
physiology, and other various attributes of wild relatives may provide insights into key traits 
and allelic variants that are useful in modern agriculture. The objective of this study was to 
test the hypothesis that teosintes carry variation in seed traits that exceeds the variation found 
in domesticated maize, and to determine if this variation could be useful for improving maize 
germplasm. To do this, we examined seed characteristics and the zein seed storage proteins 
in a panel of diverse germplasm that includes modern inbred lines, landraces, and teosinte. 
Methods 
Plant materials and experimental design 
The germplasm used in this study were selected to represent a broad diversity within the 
teosintes, maize landraces, and maize inbred lines. We obtained the following 11 
geographically diverse teosinte (ssp. parviglumis) accessions from the North Central 
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Regional Plant Introduction Station (NCRPIS): PI 384063, PI 384065, PI 384066, PI 384071, 
Ames 21889, Ames 21785, Ames 21786, Ames 21789, Ames 21809, Ames 21812, and 
Ames 21814. We obtained the following 17 landrace (ssp. mays) accessions from NCRPIS or 
M. Goodman at North Carolina State University: Assiniboine (PI213793), Bolita (OAX68), 
Cateto Sulino (URG II), Chalqueno (MEX48), Chapalote (SIN2), Conico (PUE32), Costeno 
(VEN453), Cristalino Norteno (CHI349), Dzit Bacal (GUA131), Gordo (CHH160), Guirua 
(MAG450), Nal-tel (YUC7), Pisccorunto (APC13), Sabanero (SAN329), Serrano (GUA14), 
Tuson (CUB57), and Zapalote Chico (OAX70). The inbred lines included in this study are 
the 27 parental lines of the Nested Association Mapping (NAM) population (McMullen et al. 
2009; Yu et al. 2008): B73, B97, CML103, CML228, CML247, CML277, CML322, 
CML333, CML52, CML69, Hp301, IL14H, Ki11, Ki3, Ky21, M162W, M37W, Mo17, 
Mo18W, MS71, NC350, NC358, Oh43, Oh7B, P39, Tx303, and Tzi8. 
The 55 entries were planted in two replicates at the Illinois Crop Improvement Association 
winter nursery site near Ponce, Puerto Rico in winter 2005-2006. A day-neutral site was 
required as teosinte will not flower and set seed in long day (> 12h/day) environments due to 
photoperiod sensitivity. The 55 entries were randomized within groups (inbred lines, 
landraces, and teosintes) and groups were randomized within replicates. All entries were 
allowed to open pollinate in order to obtain an adequate amount of seed for analyses. Ears 
were harvested, and balanced bulks of seed were created for each plot. 
Kernel composition and seed characteristics 
The stony fruitcases of the teosinte seeds were removed and discarded prior to analysis. 
Kernel weights of all entries were determined by weighing 100 kernels from each replicate. 
Kernels were ground into a fine meal and submitted to the University of Missouri 
Experiment Station Chemical Laboratories for proximate analysis following the Official 
Methods of AOAC International [192]. Crude fat, moisture, ash, and crude fiber were 
determined on a per tissue mass basis for each sample by methods 920.39 (A), 934.01, 
942.05, and 978.10, respectively. Crude protein was determined by combustion analysis 
(LECO; method 990.03). Total carbohydrate was calculated by subtraction. 
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Percent endosperm (wt/wt) was determined for the inbreds and landraces from both 
experimental replicates. Inadequate seed quantities of the teosinte entries prevented 
determining percent endosperm from the same field experiment as other traits. However, the 
same 11 teosinte accessions used in this project had been seed increased individually via 
open pollination in isolation under growth chamber and greenhouse conditions. From these 
stocks, a sample of three teosinte accessions was chosen to span the range of seed size (small, 
medium, and large) present among the 11 teosinte accessions. Percent endosperm was 
determined for these three teosinte accessions for comparison. The removal of the fruitcase is 
extremely labor intensive and prevented analyzing the percent endosperm for all accessions. 
HPLC analysis of the zein storage proteins 
A single replicate of the field experiment was used for HPLC analysis of the alcohol-soluble 
proteins. For each entry, a bulk of kernels was ground into fine flour with a coffee grinder. 
The number of kernels ground per sample was determined by kernel size: approximately 20 
kernels for the teosintes, and five for the landraces and inbred lines. In addition, three whole 
individual kernels from each of two teosintes were ground with a handheld drill. Zeins were 
quantified on a “per tissue mass” basis for each sample. Alcohol-soluble proteins were 
extracted from 10mg of flour using 100μL extraction buffer consisting of 70% EtOH, 61mM 
NaOAc, and 5% beta-mercaptoethanol. The mixture was vortexed briefly, horizontally 
shaken for 1h at 37°C, then centrifuged for 10min at 12,000rpm. The supernatant was diluted 
1:4 with extraction buffer. An aliquot of 25μL of each extract was injected into a C18 protein 
and peptide column in a Waters 2695 Separation Module, and absorbance at 200nm was 
measured with a Waters 2487 Dual Absorbance Detector. Separation of distinct proteins 
based on hydrophobicity was achieved with a gradient of ultrapure water and acetonitrile, 
both containing 0.01% trifluoroacetic acid. The gradient ranged from 65 to 25% acetonitrile 
for a total of 40min of elution at a flow rate of 2mL/min, excluding equilibration steps before 
and after elution. The entire set of 55 samples was extracted and injected in seven separate 
sets, each including a B73 entry before and after the samples as a control. 
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Statistical analysis 
For the HPLC of the zein proteins, the total area under the curve (excluding the injection 
peak prior to 7min and the wash peak after 35min elution time) was calculated for each entry 
using integration via the Empower software (Waters) with a minimum peak width of 30 and 
threshold of 800. Specific zein peaks from 7 to 35min elution time were identified by 
comparison to known inbred HPLC profiles [82]. Area under the peak was estimated for a 
subset of peaks and converted to percent of total area. The alpha peak areas (which eluted 
between 15 and 28min) were added together to form a total alpha zein value. Within each 
germplasm group, an average absorbance and standard deviation were calculated for each 
point in the HPLC traces. Analysis of variance was conducted to determine whether there 
was significant variation “among groups” using SAS PROC MIXED [193]. Where 
significant variation among groups existed, SAS PROC TTEST was used to compare mean 
values of teosinte versus landraces, teosinte versus inbred, and landraces versus inbreds. 
For the kernel composition and seed characteristic traits, analysis of variance was conducted 
using SAS PROC MIXED with entries fixed and replicates random. The phenotypic variance 
of all entries was partitioned into “among groups”, and specific contrasts of teosinte versus 
landraces, teosinte versus inbreds, and landraces versus inbreds were tested. Least squares 
means for entries were calculated and least significant differences (LSD) were obtained for p 
= 0.05. Pearson’s correlation coefficients were calculated using SAS PROC CORR. Principal 
component analysis was conducted using the PROC PRINCOMP procedure of SAS, and the 
number of “meaningful” components was determined using the eigenvalue-one criterion 
[194]. 
Results 
Phenotypic traits were organized into three major groupings for this study: kernel 
composition, seed characteristics, and zein profiles. 
Kernel composition 
Analysis of variance revealed that replicates were not significantly different (p > 0.05) for 
any of the kernel composition traits: moisture, protein, fat, fiber, ash, and carbohydrate (data 
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not shown). Significant differences existed among entries, and among the three germplasm 
groups for each trait (p < 0.05). The teosintes had less carbohydrate and more protein than 
either landraces or inbred lines (p < 0.001), and landraces had less carbohydrate and more 
protein than the inbreds (p < 0.01, Figure 4.1, Table 4.1). These results demonstrate a 
dramatic shift in seed nutrient storage during domestication and/or plant breeding, especially 
between teosinte and the other two germplasm groups.  
Teosinte also had higher fat and ash content, and lower moisture and fiber content than either 
the landraces or the inbred lines (p < 0.01, Figure 4.1, Table 4.1). While these comparisons 
are statistically significant, the differences are far less marked than those for protein and 
carbohydrate. 
 
Figure 4.1 Kernel composition of teosinte (black), landrace (grey), and inbred lines (white). 
Table 4.1 Least squares entry means and analysis of variance (ANOVA) for kernel composition and seed 
characteristic traits for a panel of teosinte accessions, landraces, and inbred lines. 
 
Least squares entry means for kernel composition and seed characteristics 
Entry Group Moisture Protein    Fat Fiber    Ash 
 Carbo- 
 Hydrate 
 Seed 
Weight 
%  
Endosperm 
B73 Inbred 10.65 11.06 3.75 1.41 1.24 73.31 0.28 92.66 
B97 Inbred 11.21 9.08 3.61 1.42 1.23 74.89 0.27 92.98 
CML103 Inbred 11.37 9.14 3.54 1.62 1.39 74.58 0.32 91.45 
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Table 4.1 Least squares entry means and analysis of variance (ANOVA) for kernel composition and seed 
characteristic traits for a panel of teosinte accessions, landraces, and inbred lines (continued). 
 
Least squares entry means for kernel composition and seed characteristics 
Entry Group Moisture Protein    Fat Fiber    Ash 
 Carbo- 
 Hydrate 
 Seed 
Weight 
%  
Endosperm 
CML228 Inbred 10.50 12.48 5.53 1.43 1.54 69.97 0.33 91.64 
CML247 Inbred 11.23 12.45 6.95 2.72 1.59 67.80 0.22 91.56 
CML277 Inbred 10.93 11.63 3.48 1.65 1.29 72.68 0.25 91.79 
CML322 Inbred 10.74 11.20 4.46 2.44 1.55 72.06 0.23 90.96 
CML333 Inbred 11.11 11.88 4.69 2.11 1.53 70.79 0.24 90.25 
CML52 Inbred 10.78 12.63 3.22 2.10 1.35 72.03 0.24 91.71 
CML69 Inbred 10.91 12.70 3.34 1.97 1.43 71.63 0.27 92.22 
Hp301 Inbred 10.31 12.15 3.92 2.91 1.37 72.26 0.11 94.54 
Il14H Inbred 10.90 12.38 4.68 1.57 1.64 70.41 0.17 91.82 
Ki11 Inbred 10.48 11.29 4.17 1.74 1.35 72.72 0.32 91.32 
Ki3 Inbred 11.38 11.12 3.87 1.99 1.48 72.16 0.27 91.45 
Ky21 Inbred 11.26 11.42 3.43 1.90 1.49 72.42 0.29 91.91 
M162W Inbred 11.71 10.66 4.10 1.80 1.31 72.32 0.35 92.20 
M37W Inbred 11.23 10.56 3.57 1.91 1.45 73.20 0.29 93.21 
Mo17 Inbred 11.03 11.90 3.80 1.77 1.34 71.94 0.30 91.79 
Mo18W Inbred 11.37 9.05 4.03 1.66 1.37 74.20 0.23 92.45 
MS71 Inbred 10.74 11.09 4.23 2.07 1.43 72.52 0.29 91.62 
NC350 Inbred 10.89 12.95 3.67 1.39 1.35 71.15 0.21 92.21 
NC358 Inbred 11.12 10.63 3.37 1.50 1.38 73.51 0.25 92.99 
Oh43 Inbred 11.34 8.70 3.78 1.51 1.19 75.00 0.27 90.71 
Oh7B Inbred 10.71 8.97 4.51 1.38 1.37 74.46 0.28 91.13 
P39 Inbred 10.12 12.15 6.71 1.42 1.55 69.48 0.20 90.72 
Tx303 Inbred 11.61 8.11 3.59 1.68 1.33 75.37 0.31 91.43 
Tzi8 Inbred 11.55 12.70 3.27 1.46 1.41 71.17 0.29 91.35 
Assiniboine Landrace 10.63 12.91 4.30 1.99 1.60 70.58 0.30 91.20 
Bolita Landrace 10.82 11.50 4.63 1.50 1.58 71.49 0.35 89.11 
Cateto Sulino Landrace 10.65 13.12 5.11 1.88 1.54 69.60 0.28 87.58 
Chalqueno Landrace 10.44 12.89 4.80 2.09 1.60 70.37 0.28 91.28 
Chapalote Landrace 10.56 13.60 4.81 1.95 1.56 69.48 0.21 90.15 
Conico Landrace 10.53 12.52 4.71 1.67 1.57 70.69 0.20 86.96 
Costeno Landrace 10.76 11.11 3.93 1.70 1.42 72.79 0.29 90.97 
Cristalino Norteno Landrace 11.13 11.13 4.25 1.30 1.46 72.04 0.30 91.64 
Dzit Bacal Landrace 11.06 12.25 4.35 1.80 1.60 70.76 0.34 90.80 
Gordo Landrace 10.83 11.17 4.74 1.69 1.51 71.77 0.36 91.11 
Guirua Landrace 10.85 13.35 3.83 1.78 1.69 70.30 0.22 91.22 
Nal-tel Landrace 10.50 12.46 5.01 1.98 1.54 70.51 0.16 89.05 
Pisccorunto Landrace 11.30 10.09 3.47 1.74 1.65 73.50 0.32 88.91 
Sabanero Landrace 10.92 11.54 4.38 1.31 1.46 71.71 0.31 90.95 
Serrano Landrace 10.94 13.34 4.01 1.66 1.59 70.12 0.22 90.68 
Tuson Landrace 10.64 10.90 4.11 1.83 1.48 72.87 0.33 90.60 
Zapalote Chico Landrace 10.58 12.33 4.44 1.92 1.54 71.12 0.33 90.09 
Ames 21785 Teosinte 10.45 30.45 5.68 1.01 2.27 51.16 0.02 nd 
Ames 21786 Teosinte 10.46 29.63 6.15 0.95 2.27 51.50 0.02 nd 
Ames 21789 Teosinte 10.53 30.72 5.00 0.92 2.16 51.60 0.02 nd 
Ames 21809 Teosinte 10.59 29.82 5.33 0.98 2.08 52.20 0.02 91.31 
Ames 21812 Teosinte 10.57 26.49 5.43 0.87 2.24 55.28 0.03 nd 
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Table 4.1 Least squares entry means and analysis of variance (ANOVA) for kernel composition and seed 
characteristic traits for a panel of teosinte accessions, landraces, and inbred lines (continued). 
 
Least squares entry means for kernel composition and seed characteristics 
Entry Group Moisture Protein    Fat Fiber    Ash 
 Carbo- 
 Hydrate 
 Seed 
Weight 
% 
Endosperm 
Ames 21809 Teosinte 10.59 29.82 5.33 0.98 2.08 52.20 0.02 91.31 
Ames 21812 Teosinte 10.57 26.49 5.43 0.87 2.24 55.28 0.03 nd 
Ames 21814 Teosinte 10.66 27.83 6.56 0.93 2.39 52.57 0.03 nd 
Ames 21889 Teosinte 10.54 26.63 5.92 0.87 2.28 54.64 0.04 nd 
PI 384063 Teosinte 10.47 28.97 4.96 0.85 2.07 53.54 0.03 90.05 
PI 384065 Teosinte 10.53 27.59 5.45 0.90 2.38 54.06 0.03 nd 
PI 384066 Teosinte 10.43 27.59 5.96 0.94 2.44 53.60 0.03 nd 
PI 384071 Teosinte 10.50 30.15 5.27 0.82 2.12 51.98 0.03 89.19 
LSD (P = 0.05) 
a
   0.74 1.83 1.86 0.33 0.33 2.70 0.05 3.04 
Teosinte mean 
 
10.52 28.71 5.61 0.91 2.24 52.92 0.03 90.18 
Landrace mean 
 
10.77 12.13 4.40 1.75 1.55 71.16 0.28 90.13 
Inbred mean 
 
11.00 11.11 4.12 1.80 1.40 72.37 0.26 91.85 
 
nd = not determined, LSD = least significant difference for comparing entry means, ns = not significantly 
different at p = 0.05, and *, **, *** significantly different at p < 0.05, 0.01, and 0.001, respectively 
 
Seed characteristics 
Replicates were not a significant source of variation for either seed weight or percent 
endosperm (p > 0.05; data not shown). Landrace and inbred kernels weighed eight to nine 
times more than teosinte kernels after the stony fruitcases were removed (p < 0.001, Figure 
4.2, Table 4.1). Inbred and landrace kernel weights were not significantly different at p = 
0.05. Percent endosperm did not differ between teosinte and landraces (p > 0.05), while 
inbred percent endosperm was significantly higher than the other two germplasm groups (p < 
0.05). 
Zein profile 
A graph of HPLC traces for all individuals can be found in the online supplemental materials 
(Figure 4.6). A simple comparison of the inbred line B73 and teosinte accession Ames 21785 
demonstrates our peak naming convention (Figure 4.3) based on the peak assignments of 
ANOVA for kernel composition and seed characteristics 
Entry Moisture Protein    Fat   Fiber     Ash 
   Carbo- 
  hydrate 
 Seed 
 Weight 
% 
Endosperm 
Among Groups *** *** *** *** *** *** *** *** 
Teo. vs. LR *** *** *** *** *** *** *** ns 
Teo. vs. Inbreds *** *** *** *** *** *** *** * 
LR vs. Inbreds * ** ns ns ** ** ns *** 
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Wilson [82] and the genetic class system of Thompson and Larkins [161]. Variation among 
the groups can be clearly seen in a qualitative analysis. For this purpose, we defined three 
regions of the chromatograms for detailed examination. The gamma region contains the 16 
and 27kDa gamma zein peaks and the beta zein peaks, the alpha region contains the alpha 
zein peaks, and the delta region contains the delta zeins. In order to simplify the complex 
HPLC trace data and to show differences in zein profiles among the groups, an average zein 
profile was calculated for each germplasm group (Figure 4.4, Figure 4.6). The zein profiles 
among the three groups differ considerably, especially the teosintes as compared to the 
landraces and inbreds. 
In order to express these data quantitatively, we identified six prominent peaks and integrated 
them separately but simultaneously in all samples (Table 4.2). Because the alpha zein region 
(which eluted between 15 and 28min) was so complex and variable among entries, we 
integrated each of the alpha zein peaks separately and then summed them together to obtain a 
total alpha zein value for each entry. 
Examination of the region of the chromatogram where the alpha zein proteins elute (Figure 
4.4, Figure 4.6, Figure 4.8) shows the first striking difference between teosintes, and 
landraces and inbred lines. The teosintes have very high levels of alpha zeins relative to the 
landraces and inbreds, both in terms of total area under the curve and in number of peaks. 
While landraces and inbred lines tend to have five to seven distinct alpha peaks, no discrete 
peaks are evident in the teosintes (Figure 4.4, Figure 4.6, Figure 4.8). Three prominent peaks 
are present in both inbred lines and landraces, while other peaks are prominent in either 
inbred lines or landraces (Figure 4.8). The teosintes have relatively prominent peaks outside 
of the region containing the landrace and inbred line peaks, for example, between 17 and 
19min and between 26 and 27min, presumably representing novel alpha zein proteins. It is 
clear that the alpha zein protein family in teosintes as a group is much more complex than 
those of either landraces or inbred lines. 
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Figure 4.2 Seed weight (A) and percent endosperm and embryo (B) of teosinte (black), landrace (grey), and 
inbred lines (white). 
Figure 4.3 Comparison of inbred line B73 and teosinte accession Ames 21785 demonstrating typical zein 
profiles and the naming of specific peaks. 
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Table 4.2 Quantification and analysis of variance (ANOVA) of zein protein peaks for a panel of diverse teosinte 
accessions, landraces, and inbreds. 
 
Quantification of zein protein peaks 
   
Peak
 
% area 
 
Entry Group 
   
 #   
 alpha   
 peaks 
    
    
 alpha  
   peaks 
    1 
    C1 
   14      
    beta 
   2 
   C2 
   15  
   beta 
    3 
    E 
    27  
    gamma 
    4 
    F 
    16  
    gamma 
   5 
 
 
 
   6 
 
 
 
 
 
# unk 
peaks 
Ames 21785 Teosinte 22 90.31 2.56 0.08 3.27 1.22 1.54 0.37 3 
Ames 21786 Teosinte 29 90.77 2.87 0.11 2.36 1.08 1.50 0.08 5 
Ames 21789 Teosinte 29 90.10 2.34 0.00 2.72 1.17 1.63 0.80 5 
Ames 21809 Teosinte 27 90.14 2.66 0.00 3.10 1.23 1.40 0.31 7 
Ames 21812 Teosinte 26 89.91 1.53 0.72 2.77 1.26 1.26 0.00 7 
Ames 21814 Teosinte 29 90.56 1.93 0.15 2.72 1.61 1.33 0.00 8 
Ames 21889 Teosinte 23 91.12 1.07 1.10 3.14 0.28 1.27 0.14 8 
PI 384063 Teosinte 30 92.24 2.19 0.00 2.67 1.03 1.20 0.00 4 
PI 384065 Teosinte 25 89.35 2.47 0.00 3.03 1.39 1.42 0.17 6 
PI 384066 Teosinte 24 89.26 3.77 0.00 2.81 0.80 1.40 0.00 9 
PI 384071 Teosinte 25 90.62 1.63 0.00 3.44 1.53 1.50 0.00 6 
Assiniboine Landrace 16 83.11 6.08 0.00 4.01 1.26 2.02 0.29 3 
Bolita Landrace 17 77.75 4.22 0.00 10.73 4.48 2.30 0.00 2 
Cateto Sulino Landrace 19 74.72 4.29 0.61 14.71 0.98 2.82 0.00 4 
Chalqueno Landrace 15 79.26 3.88 0.43 8.10 2.63 2.23 0.00 4 
Chapalote Landrace 20 78.31 3.64 0.25 10.91 4.15 1.49 0.00 4 
Conico Landrace 19 82.49 1.00 2.42 8.05 1.71 1.89 0.64 2 
Costeno Landrace 20 71.94 6.24 0.00 13.66 4.52 2.50 0.00 3 
Cristalino Norteno Landrace 15 62.91 10.29 0.00 13.85 7.84 2.32 0.00 4 
Dzit Bacal Landrace 19 75.86 5.03 0.68 9.51 2.89 2.28 0.88 4 
Gordo Landrace 16 75.84 2.59 2.22 8.59 0.00 2.84 1.23 2 
Guirua Landrace 17 79.52 4.48 0.00 9.05 3.71 2.33 0.42 2 
Nal-tel Landrace 16 72.86 5.95 0.00 9.00 5.69 3.31 0.00 5 
Pisccorunto Landrace 19 76.32 5.16 0.90 4.28 8.19 3.07 1.74 1 
Sabanero Landrace 17 76.33 6.34 0.00 10.53 3.07 2.71 0.00 2 
Serrano Landrace 15 80.78 4.90 0.00 7.00 1.56 1.88 0.00 4 
Tuson Landrace 17 72.22 0.30 3.72 13.31 3.00 2.95 1.47 3 
Zapalote Chico Landrace 19 80.56 3.00 0.81 8.99 3.99 2.19 0.00 2 
B73 Inbred 14 70.40 1.46 5.53 10.13 6.99 3.05 0.00 2 
B97 Inbred 16 65.39 4.85 0.00 16.97 5.70 3.37 0.00 3 
CML103 Inbred 15 66.92 0.00 8.41 11.72 7.12 2.88 0.00 3 
CML228 Inbred 17 80.95 0.32 4.31 7.90 3.88 2.19 0.00 1 
CML247 Inbred 17 78.90 2.85 0.21 11.55 3.06 2.97 0.00 1 
CML277 Inbred 18 83.64 1.37 0.17 10.49 0.42 2.86 0.67 1 
CML322 Inbred 18 67.45 4.81 0.00 17.94 4.58 2.29 2.00 2 
CML333 Inbred 19 76.54 3.49 0.69 12.99 3.68 1.87 0.00 3 
CML52 Inbred 14 78.24 2.14 0.00 13.54 2.69 2.73 0.00 2 
CML69 Inbred 17 76.42 2.03 0.96 13.35 4.16 2.05 0.00 2 
Hp301 Inbred 17 79.75 1.20 4.67 8.46 0.85 1.55 0.00 3 
Ill4H Inbred 15 73.64 5.13 0.00 14.54 3.49 1.83 0.00 3 
Ki11 Inbred 14 72.57 1.72 5.82 11.25 4.62 2.31 0.15 2 
Ki3 Inbred 14 77.87 3.23 0.00 11.44 3.75 3.20 0.00 1 
Ky21 Inbred 15 61.45 1.13 3.45 24.01 4.76 3.76 0.00 2 
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Table 4.2 Quantification and analysis of variance (ANOVA) of zein protein peaks for a panel of diverse teosinte 
accessions, landraces, and inbreds (continued). 
 
Quantification of zein protein peaks 
   
Peak
 
% area 
 
Entry Group 
   
 #   
 alpha   
 peaks 
    
    
 alpha  
   peaks 
    1 
    C1 
   14      
    beta 
   2 
   C2 
   15  
   beta 
    3 
    E 
    27  
    gamma 
    4 
    F 
    16  
   gamma 
   5 
 
 
   6 
 
 
 
 
 
# unk 
peaks 
M162W Inbred 16 73.30 4.13 0.00 13.46 4.81 3.29 0.00 3 
M37W Inbred 14 69.16 0.96 2.93 18.23 4.65 2.95 0.00 2 
Mo17 Inbred 15 71.92 2.32 0.22 15.67 3.86 1.91 0.00 5 
Mo18W Inbred 17 60.88 4.89 0.00 22.67 4.76 3.97 1.80 2 
MS71 Inbred 16 73.69 1.69 0.19 16.46 2.56 2.31 2.22 3 
NC350 Inbred 16 81.52 3.79 0.41 8.20 3.75 1.89 0.00 2 
NC358 Inbred 15 76.76 4.56 1.00 9.75 4.86 2.25 0.00 3 
Oh43 Inbred 15 60.64 2.56 5.94 14.22 8.44 3.86 0.00 2 
Oh7B Inbred 13 64.85 6.75 0.94       15.28 6.85 3.70 1.00 1 
P39 Inbred 16 70.53 7.52 0.00 8.84 5.07 6.93 0.00 3 
Tx303 Inbred 11 63.08 7.07 0.00 18.33 2.53 7.35 0.00 3 
Tzi8 Inbred 10 83.82 1.17 0.00 10.38 1.82 2.25 0.00 2 
Teosinte Mean 
 
26 90.40 2.27 0.20 2.91 1.15 1.40 0.17 6 
Landrace Mean 
 
17 76.52 4.55 0.71 9.66 3.51 2.42 0.39 3 
Inbred Mean 
 
15 72.60 3.08 1.70 13.62 4.21 3.02 0.29 2 
 
ANOVA of zein protein peaks 
  
Peak % area 
 
 
 # 
alpha 
peaks 
 
alpha   
peaks 
 1 
 C1 
 14 
beta 
 2 
 C2 
 15 
beta 
  3 
  E 
  27 
gamma 
  4 
  F 
  16 
gamma 
   5 
 
 
 
   6 
 
 
 
# unk 
peaks 
Among Groups *** *** ** ns *** *** *** ns *** 
Teo. vs. LR *** *** ** ns *** *** *** ns *** 
Teo. vs. Inbreds *** *** ns ns *** *** *** ns *** 
LR vs. Inbreds ** ns * ns ** ns * ns * 
Peak designation corresponds to labeling of Figs. 3 and 4, and Supplemental Figs. 1, 3, and 4. Letter-number 
designation refers to the nomenclature proposed by Wilson [82]. Molecular mass and Greek letter designation 
refers to the genetic classification proposed by Thompson and Larkins [161]. ns not significantly different at p = 
0.05, unk = unknown, and *, **, *** significantly different at p < 0.05, 0.01, and 0.001, respectively 
 
One potential explanation for the increased complexity, in terms of number of zein peaks, of 
the teosinte alpha zein protein family is that there may be more heterogeneity within the 
individual teosinte accessions than among the inbred or landrace accessions. Each teosinte 
accession is a population of related, segregating individuals. To test this hypothesis, we 
analyzed the zein content of three individual kernels from two teosinte accessions. There was 
variability between individual kernels within each accession in terms of relative amount of 
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each peak (data not shown). However, there were still more alpha zein peaks in single 
teosinte kernels than in the landrace and inbred groups. It is also worth noting that each 
landrace is also a population of related, segregating individuals, yet they do not display the 
increased number of peaks of the teosintes. A close examination of the alpha zein region 
demonstrates noticeably more variability in the teosintes than the landraces despite the fact 
that there are more landraces (n = 17) sampled than teosintes (n = 11) (Figure 4.8). 
Figure 4.4 Average zein profiles for comparison of teosinte, landrace, and inbred line germplasm groups. At 
each point along the x-axis, the black line represents the average value and the grey region represents the 
standard deviation. 
 
To account for differences in total alcohol-soluble protein, the area under each peak was 
converted to percent of total area for specific peaks (Table 4.2). In comparing the percent 
alpha zeins among the groups, teosintes had a significantly higher (p < 0.001) alpha zein 
content (average of 26 peaks representing 90.4% of total alcohol-soluble proteins) than the 
landraces (17 peaks representing 76.5% of the total) or the inbred lines (15 peaks 
representing 72.6% of the total). 
A second striking difference among the groups was in the gamma zein region of the 
chromatograms. Peak 1, the 14kDa beta zein, appeared to be more abundant in teosinte than 
the other groups (Figure 4.4, Figure 4.6, Figure 4.7). However, after peak areas were adjusted 
for total alcohol-soluble proteins, peak 1 was significantly less abundant in teosinte than 
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landraces (p < 0.01), but was equally abundant in teosinte and inbred lines (Table 4.2). This 
apparent discrepancy is a reflection of the total alcohol-soluble proteins, and therefore total 
protein content. Because the alcohol-soluble proteins are very abundant but generally have 
low nutritional value, the high level of these proteins may mask the presence of other 
proteins with better nutritional properties. The percentages of peaks 3 and 4, the 27 and 
16kDa gamma zeins, respectively, were significantly higher in inbreds and landraces than 
teosintes (p < 0.001). The variation in gamma zein content among the germplasm groups 
suggests that there may be differences in the processes that lead to zein deposition in the 
protein body as proposed by Coleman et al. [166]. 
There was also variation in the delta zein region (Table 4.2, Figure 4.4, Figure 4.6, Figure 
4.9). Teosintes had lower levels of peak 5, compared to landraces and inbred lines. 
Additionally, there are many novel (i.e., unknown) peaks that exist in one group or another 
Table 4.2, Figure 4.4Figure 4.6). In general, teosinte has a significantly greater number of 
novel peaks than other groups (p < 0.001), especially in the elution period of 16-19min. The 
peaks in the 16 to 19min elution period likely represent alpha zeins due to the hydrophobicity 
and charge of these proteins as reflected by HPLC. Other potentially novel peaks exist in the 
beta and gamma zein region (elution period of 9-13min). 
Correlated traits 
We measured the seed characteristics seed weight and percent endosperm as it is unclear how 
these general seed characteristics relate to kernel composition [195]. 
When using the entire dataset consisting of entry means, the correlations among the kernel 
composition data (moisture, protein, fat, fiber, ash, and carbohydrate) were all highly 
significant (p < 0.01, Table 4.3), for all but one comparison. These results were anticipated as 
composition values must sum to 100%, and are consistent with prior studies [196,197,198]. 
All composition traits were highly correlated (p < 0.001) with seed weight, presumably 
because of the extreme differences in kernel composition and kernel weight between teosinte 
and the other two groups. The fact that only crude fat and ash were significantly correlated (p 
< 0.05) with percent endosperm suggests that modifications in carbohydrate and protein can 
be achieved without affecting the endosperm to embryo ratio. There were many significant 
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correlations between the kernel composition traits and aspects of the zein profiles. Of interest 
is the consistently significant correlation between the kernel composition traits and the alpha 
zein and total zein fractions. Generally, the lower the seed weight, the higher the protein 
content and more alpha zein. 
Percent endosperm (as a measure of the endosperm to embryo ratio) was significantly 
correlated with crude fat, ash, number of alpha zein peaks, and percentage peak 3 (Table 4.3). 
Seed weight was significantly (p < 0.01) correlated with alpha zein content and peaks 2-5. A 
number of significant correlations were detected among the zein profile traits (Table 4.3). 
Principal component analysis revealed five components that explained 77.2% of the variation 
(Figure 4.5). The first component captures the trend of low seed weight, low carbohydrate 
content, high protein content, and high alpha zein content, as determined above. Again, this 
likely reflects the striking differences observed for these traits in teosinte. The second 
principal component, while much less concise, encompasses the relationship between low 
values for percent endosperm, percent of alpha peaks, and percent of peak 2, and high values 
for fat and percent peaks 1, 4, and 5. Components 3 and 4 describe relationships between the 
various zein peaks as revealed by the correlations, and component 6 relates percent 
endosperm with fat and seed weight (data not shown). 
Discussion 
There is increased demand placed on maize today compared to a few decades ago when 
maize was primarily used as a feed source in the US. Modern technologies allow the creation 
of a wide array of food, feed, fuel, and industrial products from maize, and improvements in 
maize must meet these new and increased demands. Researchers have the potential to create 
designer maize, as each end use calls for different kernel qualities. Redesigning maize to 
meet these challenges may require the introduction of novel alleles not presently found in 
today’s maize. 
The events that led to the domestication of maize from teosinte involved artificial selection 
for traits such as inflorescence and plant architecture, ear architecture, and kernel architecture 
[171,172,173]. The genes underlying traits targeted during artificial selection have 
  
73 
significantly reduced genetic variation in landraces and/or modern inbred lines compared to 
teosinte and relative to the rest of the maize genome [174,199,200]. Large-scale sequencing 
studies indicate that 2-4% of the maize genome, corresponding to approximately 1,000-1,200 
genes, has experienced selection during domestication or plant breeding [174]. Conversely, 
96-98% of maize genes are neutral genes that retain high levels of diversity in modern inbred 
lines as compared to teosinte. Recapturing variability in selected genes from teosinte and/or 
landraces would enhance the variability present in neutral genes in modern maize, and 
together could be exploited for continued maize improvement. Maize geneticists and 
breeders must work together to distinguish between selected and neutral genes, assay the 
allelic variation present in diverse inbreds, landraces, and teosinte, and reintroduce these 
alleles into breeding programs in a manner that increases the efficiency of germplasm use. It 
is also necessary to characterize the phenotypic diversity in agronomically relevant traits for 
the various gene pools, namely landraces and teosinte, in order to gain insight into which 
germplasm pools harbor valuable phenotypic variation. 
 
Figure 4.5 Principal component analysis of 17 kernel composition, seed weight, percent endosperm, and zein 
profile traits. Eigen values for five principal components and the cumulative variation explained are displayed 
(inset). Plot of the first two components and the trait patterns they describe are enclosed in ovals. 
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Table 4.3 Significance of Pearson correlation coefficients between kernel quality, seed characteristics, and zein 
profiles for a panel of diverse teosinte, landrace, and inbred lines. 
 
Significance of Pearson correlation coefficients 
 
Protein Fat Fiber Ash 
Carbo-
hydrate 
 Seed 
Weight 
% 
Endo-
sperm 
# 
alpha 
peaks 
Peak % area 
 
alpha 
peaks 
1 2 3 4 5 6 unk 
Moisture *** *** ns *** *** *** Ns *** *** ns Ns *** ** ** ns ** 
Protein 
 
*** *** *** *** *** ns *** *** * * *** *** *** ns *** 
Fat 
  
** *** *** *** * *** *** ns Ns *** ** ns ns *** 
Fiber 
   
*** *** *** ns *** *** ns Ns *** ns ns ns *** 
Ash 
    
*** *** ** *** *** ns * *** *** *** ns *** 
Carbohydrate 
    
*** ns *** *** ns * *** *** *** ns *** 
Seed Weight 
     
ns *** *** ns * *** *** *** ns *** 
% Endosperm 
      
** ns ns Ns * ns ns ns ns 
# alpha Peaks 
       
*** ns Ns *** *** *** ns *** 
% alphas 
         
** * *** *** *** ns *** 
% Peak 1 
          
*** ns * ** ns ns 
% Peak 2 
           
ns ** ns ns ns 
% Peak 3 
            
*** *** ns *** 
% Peak 4 
             
** ns *** 
% Peak 5 
              
ns ** 
% Peak 6                               ns 
Grey and white cells represent negative and positive correlation coefficients, respectively. ns not significant at p 
= 0.05, unk = unknown, and *, **, *** significant at p < 0.05, 0.01, and 0.001, respectively 
 
 In the current study, we chose to evaluate kernel quality and seed characteristics, with an 
emphasis on protein content and quality. It is apparent that kernel traits (e.g., seed size and 
starch production) were targets of selection during domestication and/or plant breeding [187]. 
Of primary concern regarding protein quality is the poor amino acid balance, due to low 
abundance of tryptophan, lysine, and methionine in zein proteins. Other seed characteristics 
such as seed size are relevant as they too were likely targets of selection. 
Generally, we found wide variability for all traits measured that often correlated with 
germplasm group. The fact that plants grown in this experiment were allowed to open 
pollinate may have contributed to variability within the sample. The existence of xenia 
effects, i.e., the direct effect of pollen source on in the character of the resulting kernel, was 
described over a century ago [201,202]. While early reports of xenia focused on qualitative 
traits such as kernel color (yellow vs. white, or purple vs. white) and kernel type (normal vs. 
sugary), later reports of xenia included quantitative traits such as oil content [203]. Xenia 
effects of 8-13% were reported for kernel weight in normal endosperm materials [204,205]. 
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However, the existence and extent of xenia effects remain largely unknown for many traits 
including zein profiles. For this experiment, there was no feasible way to make controlled 
pollinations so as to eliminate xenia effects. Teosinte and several of the landraces are 
photoperiod sensitive and must be grown in a day-neutral setting such as a growth chamber 
or short-day winter nursery site. Manual pollinations cannot be made effectively on teosinte, 
leaving open pollination the only means to obtain adequate seed quantities of all materials 
growing in the same environment. 
Kernel composition and seed characteristics 
The striking differences in kernel protein and carbohydrate between teosinte and the landrace 
and inbred groups are highly significant, both statistically and agronomically (Table 4.1). 
Our results are consistent with those of Paulis and Wall [77], where they found protein levels 
of 28.7% in their parviglumis teosinte accession. The protein content of teosinte was almost 
as high as protein levels obtained by the Illinois Long-Term Selection Experiment [206] 
without a corresponding change in the embryo to endosperm ratio [207]. 
The marked increase of carbohydrate during the progression from teosinte to landraces is 
consistent with evidence of artificial selection in the starch pathway [187], though crude 
carbohydrate content obtained by proximate analysis is not perfectly correlated to starch (r = 
0.82; Flint-Garcia, unpublished data). This dramatic change in kernel composition may have 
occurred in concert with the loss of the hard fruitcase that restricts the growth of the seed. A 
theoretical scenario is as follows: mutations in the teosinte glume architecture1 gene opened 
the stony fruitcase slightly [173]. Increased access to the teosinte seed would have been 
desirable by humans, and an initial population was likely isolated from the progenitor 
population. Artificial selection for increased seed size occurred, likely through increased 
starch production. Furthermore, modern maize breeding has selected primarily on increased 
yield, which translates into higher starch content at the expense of protein. Though teosinte 
per se contains less starch than modern maize (53% in teosinte vs. 73% in inbred lines), 
teosinte still harbors more genetic variability in the genes that underlie expression of starch 
traits [187]. This variability may be valuable for maize improvement for human and animal 
nutrition, as well as industrial application including the production of biofuels. 
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Zein profiles 
Given that various zein proteins have different amino acid compositions, and our observation 
that several novel zeins accumulate in teosinte and not in landraces or inbred lines (Figure 
4.4, Figure 4.6), this study suggests that teosinte may potentially contribute genes for 
improvement of amino acid content as previously suggested [21,188,208] or demonstrated 
with ssp. mexicana [21,188,208]. Many novel peaks were observed in the gamma region of 
the teosinte chromatographs (Figure 4.7). Further studies are needed to determine the amino 
acid sequence and nutritional value of the novel zein proteins. If these novel peaks are found 
to have potential nutritional value (i.e., increased methionine or cysteine content), genetic 
studies will be required to elucidate their gene sequence and regulation. In addition, there 
were differences in abundance of known zeins between teosinte and the other germplasm 
groups. Therefore, teosinte may be valuable in genetic studies attempting to define the 
regulation of the beta or gamma zein proteins. 
The alpha zein gene family is the result of a complex series of duplication events [209] be 
even more complex in teosinte than in maize (Figure 4.8). It has been shown that many alpha 
zein genes in modern maize are inactive [210], so it may be that some of these genes are 
active in teosintes. Alternatively, teosinte may contain duplicated chromosomal segments 
that have been lost or diverged in function in the course of development of modern maize 
[210]. It is possible that some of the novel teosinte peaks in the alpha region are mere 
variants of known alpha zein proteins. Additions and deletions of amino acids change the 
hydrophobicity of the protein (e.g., methionine and tryptophan are hydrophobic while lysine 
is hydrophilic), and thus result in altered elution times when compared to known alpha zein 
peaks in inbreds. Some of the shifts in the zein profiles observed in this study may indeed 
reflect important amino acid substitutions. It is also possible that these novel peaks are 
unrelated or more distantly related proteins. Further characterization of interesting zein 
proteins is therefore required before any conclusion can be drawn regarding these novel 
peaks in the alpha region. 
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Implications for maize breeding and genetics 
For all kernel traits analyzed, there was substantial variation both between and within 
germplasm groups. This phenotypic variation may be useful for both improving modern 
maize and for genetic studies to investigate the genetic architecture of these agronomically 
relevant traits. The inbred lines used in this study are the parental lines of the maize NAM 
population. NAM was designed to enable high power and resolution QTL mapping through 
joint linkage-association analysis [211,212,213]. By integrating genetic design, natural 
diversity, and genomics technologies, NAM analysis of the kernel traits surveyed in the 
current study will provide tremendous opportunities to link molecular variation with 
phenotypic variation and mine maize variation for kernel improvement. 
The germplasm enhancement of maize (GEM) project is a collaboration of maize breeders 
and scientists from other disciplines from public research institutions and the seed industry 
with the objective of incorporating novel germplasm, primarily from landraces, into elite 
germplasm [214]. In the last 8 years, 65 GEM releases have improved amino acid profiles 
(index of lysine, methionine, and tryptophan), oil content greater than 4.5%, protein content 
greater than 13%, and unique starch thermal properties (http://www.public.iastate.edu/usda-
gem). Likewise, phenotypic selection in Burr’s White population for high and low protein 
and oil in the Illinois Long-Term Selection Experiments [206] clearly demonstrate the power 
of phenotypic selection. In these cases, the original landraces contained variation for the 
genes under selection. 
However, for “domestication genes,” diversity is severely reduced both inbreds and landraces 
[170], leaving teosinte as the only source for variability. Maize and teosinte can be crossed 
readily, and populations have been derived for QTL mapping and cloning experiments [215]. 
Since the selection status of all structural and regulatory genes involved in kernel 
composition (starch, protein, and oil) and the zein protein accumulation is currently 
unknown, it is possible that teosinte contains diversity for genes controlling these traits that is 
not present in landraces or inbred lines. This diversity may be valuable for breeding efforts. 
Breeding projects can immediately utilize teosinte germplasm to introduce novel zein 
proteins. Indeed, promising results have been reported by Wang et al. [21] for increased 
  
78 
protein content and amino acid composition using Z. mays ssp. mexicana germplasm in a 
maize breeding program. As discussed earlier, however, teosinte has many undesirable 
attributes, both in the plant and the seed, that must be selected against. The use of teosinte 
introgression materials will greatly assist in this background selection and speed the process 
of deriving agronomically acceptable lines. However, for genetic and biochemical studies, 
substantial research must be conducted to identify the novel zein peaks, characterize them in 
terms of their amino acid content, and to determine the regulatory mechanisms governing 
them. Additional efforts are underway to create near isogenic line introgression libraries of 
ten teosinte accessions in a maize background (Flint-Garcia, unpublished data) for bridging 
teosinte and elite germplasm in breeding programs, and for the genetic analysis of seed 
protein content traits. 
Conclusion 
When comparing kernel traits between teosinte, landraces, and inbred lines, there is variation 
in (1) the restrictive nature of the stony fruitcase that surrounds the teosinte kernel which is 
absent in maize, (2) kernel size, (3) starch and protein content, (4) zein profiles, and (5) 
amino acid profiles. Teosinte offers a unique combination of these traits that result in higher 
protein and lower carbohydrate than maize, and these traits may be exploited for maize 
improvement. However, major obstacles exist concerning the use of teosinte in breeding 
programs: the hard restrictive fruitcase, seed shattering, small seed size, and photoperiod 
sensitivity. Can these traits be separated to yield a large seeded, high protein, nutritionally 
balanced line? It is up to the creativity of geneticists and breeders to explore these options in 
an effort to meet the demands of today and tomorrow. 
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Figure 4.6 Zein profile of teosinte, landraces, and inbred lines. 
Figure 4.7 Detailed view of the gamma zein region. 
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Figure 4.8 Detailed view of the alpha zein region. Arrows indicate prominent peaks that are conserved in the 
inbred and landrace groups. 
Figure 4.9 Detailed view of the delta zein region. 
 
  
82 
Chapter 5.  Influence of Ensiling Time and Inoculation on Alteration of the 
Starch-Protein Matrix in High-Moisture Corn 
Hoffman PC, Esser NM, Shaver RD, Coblentz WK, Scott MP, Bodnar AL, Schmidt RJ, and 
Charley RC  
This work has been published in the Journal of Dairy Science volume 94, issue 5 (2011), on 
pages 2465-2474. Copyright Elsevier, reprinted with minimal modifications with kind 
permission from the publisher. 
Interpretive summary 
The fates of hydrophobic zein proteins, which encapsulate corn starch creating vitreous 
endosperm, have not been investigated in high moisture corn. Two random high moisture 
corns containing 25.7 and 29.3% moisture were ground, and ensiled for up to 240d. Ensiling 
time (0 vs. 240d) reduced all zein protein subunits with the exception of 2 alpha and 1 delta 
regions. Ensiling reduced 16 and 27kDa gamma zeins which cross-link starch granules. 
Electron microscopy revealed that matrix clusters of starch and protein disassociate into 
individual starch granules upon the degradation of gamma zein and other hydrophobic zein 
proteins. 
Abstract 
The fates of hydrophobic zein proteins, which encapsulate corn starch creating vitreous 
endosperm, have not been investigated in high moisture corn (HMC). To assess influences of 
ensiling time and inoculation on zein proteins in HMC, quadruplicate samples of two random 
corns (A and B) containing 25.7 and 29.3% moisture were ground, inoculated (I) with or 
without 600,000cfu/g of Lactobacillus buchneri 40788 (Lallemand Animal Nutrition, 
Milwaukee, WI) and ensiled for 0, 15, 30, 60, 120 and 240d. Nutrient composition (CP, 
starch, ADF, NDF), fermentation (pH, lactate, acetate) and protein degradation markers 
(buffer-soluble CP, isopropanol-soluble CP, NH3-N) were evaluated. At 0 and 240d, alpha, 
gamma, delta, and beta zein subunits were profiled using HPLC. Data were evaluated as a 
split-split plot using the PROC MIXED procedures of SAS. Ensiling time and inoculation 
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reduced pH, and altered lactate and acetate contents of HMC. Lactate and acetate contents of 
A, AI, B and BI at 240d were 0.40, 0.32, 1.11, 0.73 and 0, 0.35, 0.30 and 0.87% of DM, 
respectively. Buffer-soluble CP in HMC increased from 1.5-2.0% of DM at 0d to >4.0 % of 
DM at 240d. Inoculation had no effect on buffer-soluble CP but increased NH3-N content of 
HMC. Corn A contained more isopropanol soluble CP than corn B and peak areas for 6 
alpha, and all gamma and delta zein regions were greater for corn A. Ensiling (0 vs. 240d) 
reduced all zein subunits with the exception of 2 alpha and 1 delta subunit. Ensiling reduced 
(42.2-73.2%) gamma zeins, that are primarily responsible for cross linking in the starch-
protein matrix. Despite altering lactate and acetate contents, inoculation had no effect on 
degrading hydrophobic zein proteins in HMC. Data suggest hydrophobic zein proteins in the 
starch-protein matrix of HMC are degraded by proteolytic activity over an extended ensiling 
time.  
Introduction 
The starch-protein matrix in corn has been defined previously as a physio-chemical 
impediment to starch digestion in ruminants [216]. In corn, hydrophobic zein proteins are the 
primary proteins in the starch-protein matrix, and comprise 50-60% of the total protein in 
whole corn [217]. Zein proteins are classified as prolamins consisting of four subclasses 
(alpha, beta, gamma, delta), and are synthesized on the rough endoplasmic reticulum of the 
amyloplast (starch producing organelle [86]). Zein proteins are not intrinsic within the starch 
granule but are primarily surface localized on the exterior of starch granules [84]. As zein 
proteins develop and distend with advancing maturity, beta and gamma zeins cross-link and 
alpha and delta zeins penetrate their network, thereby encapsulating starch into a 
hydrophobic starch-protein matrix [84,86].  
Extensive cross-linking of zein proteins yields vitreous endosperm and dry corns with greater 
percentages of vitreous endosperm have reduced in-vitro or in-situ starch degradability 
[218,219,220]. Feeding dry corns with greater vitreous endosperms also reduced in-vivo 
starch digestion in lactating dairy cows [87,88]. Detailed information on the fate of 
hydrophobic zein proteins, which impede starch digestion in ruminants, during the ensiling 
process of high moisture corn (HMC) is largely unknown. 
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Similar to responses observed commonly within ensiled forages, proteolysis degrades 
proteins in the HMC fermentation process [221]. Philippeau and Michalet-Doreau observed 
that ensiling grains increased ruminal starch degradability and hypothesized that ensiling 
increases accessibility of starch granules to rumen microorganisms, because hydrophobic 
zein proteins were degraded [222]. Likewise, Jurjanz and Monteils observed ruminal 
degradability of starch to be greater for corn kernels after ensiling (92.3%) as compared to 
un-ensiled corn kernels (70.2%) [223]. The ensiling process improved starch degradation by 
increasing the rapidly-degradable starch fraction (80.7% vs. 65.6 %) and the starch 
degradation rate (12.4 vs. 8.0 %/h) [223]. Combined, these data [221,222,223] yield a 
mechanistic hypothesis as to why greater ruminal and total tract starch digestibility is 
observed for HMC as compared to dry corn [224]. It was the objective of this project to 
determine the effects of ensiling time and inoculation on the fate of hydrophobic zein 
proteins in the starch-protein matrix of HMC. 
Materials and methods 
Study design 
This research was designed as a study of HMC chemistry to aid future animal trials 
investigating factors associated with HMC starch digestibility that may include ensiling, 
maturity, hybrid, particle size, or any of their many interactions. As a result, 2 random HMC 
were ensiled with and without an inoculant for 0, 15, 30, 60, 120, or 240d in an attempt to 
yield divergent HMC fermentations, while maintaining a manageable sample population. 
Employing additional factorialization (hybrid, maturity, particle size) quickly would have 
yielded an unwieldy number of HMC samples for the detailed chemistries investigated. 
On the day of HMC harvest, post-processing but prior to ensiling, 2 corns (A and B) from 2 
local Wisconsin dairy farms were procured. High moisture corns A and B were both ground 
with a similar hammer-mill (DuraTech Industries International Inc., Jamestown, ND) fitted a 
with 5/16” screen. Corns, as ground on the individual dairy farm, were divided into two 25-
kg subsamples with one subsample inoculated (I) with 600,000cfu/g of Lactobacillus 
buchneri 40788 (Lallemand Inc., Milwaukee, WI). Quadruplicate samples (± 1kg) of A, AI, 
B and BI, were vacuum sealed in plastic bags and ensiled for 0, 15, 30, 60, 120 or 240d at 
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22
o
C. Upon completion of the allotted ensiling time HMC samples were frozen at -18
o
C 
pending subsequent chemical analysis. Samples ensiled for 240d were likewise frozen for 
21d to assure protocol continuity. 
Laboratory analysis 
After 261d, all samples were allowed to thaw and a 50g subsample of each replicate of A, AI, 
B and BI for each ensiling interval was removed, placed in individual plastic bags, packed 
collectively in ice and sent in native form to Dairyland Laboratories, Arcadia, WI for the 
determination of pH, lactate, acetate, butyrate, propionate and NH3-N. A second 100g 
subsample was dried for 48h in a forced-air oven, followed by drying 1g at 105°C for 3h to 
determined DM. Mean particle size (MPS) for the dried subsample was determined by the 
procedures of Baker and Herman [225], and then the sample was milled through a Willey 
mill (Arthur A. Thomas Co., Philadelphia, PA) fitted with a 1mm screen. The samples were 
determined for CP [226], starch [227], as well as ADF and NDF by the methods of Goering 
and Van Soest [228] with modifications described by Mertens [229].  
Protein fraction markers were determined for each sample including borate-phosphate buffer 
soluble crude protein (SCP [230]), and isopropanol (PrOH) SCP [231], which is an estimate 
of total zein content. Concentrations of N in ADF and NDF, expressed on a CP basis (ADICP 
or NDICP), were ascertained by refluxing samples in neutral or acid detergent in an Ankom 
200 Fiber Analyzer (Fairport, NY) as defined by Coblentz and Hoffman [232]. The residual 
CP concentration within the respective residues was determined by a combustion technique 
[233]. No sodium sulfite was used in the NDF procedure to avoid removal of CP from the 
NDF residues [234].  
Potential physical alteration of HMC induced by fermentation across ensiling days was 
evaluated using the near infrared reflectance spectroscopy (NIRS) baseline shift (BLS) [235]. 
The BLS of NIRS has been demonstrated to be a rapid measure of physical hardness or 
grinding efficiency [235]. The BLS of NIRS is based on simple applications of light physics. 
Different corns ground through a common mill are known to have different grinding 
efficiencies [235]. Corns with less extensive starch-protein matrixes (less vitreous) grind 
finer as compared to more vitreous corns [235]. When particle size is reduced, the light 
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scattering interface is increased resulting in increased light reflection [236]. More simply, if a 
corn grinds to a finer particle size, more light will be reflected (lower absorbance) because 
there are more particles to reflect light. In NIRS applications, variance in light reflection 
induced by particle size differentials in the sample is often described as BLS [237].  
The alpha, gamma, delta and beta zein protein subunits of each HMC replicate at 0 
(unfermented) and 240d were profiled using HPLC by the procedures of Bietz [238]. Corns 
were ground with an Udy mill (Udy Corporation, Boulder, CO) fit with a 1mm screen. 
Alcohol-soluble proteins were extracted from 10mg of ground corn with 100μL of extraction 
buffer (70% EtOH, 61mM NaOAc, 5% beta-mercaptoethanol). Ground corn and buffer were 
vortexed briefly, shaken at 37°C for 1h, and then centrifuged at 11,500g for 10min. The 
supernatant was diluted 1:4 with extraction buffer. A 25μL aliquot of each extract was 
injected onto a C18 protein and peptide column at 55°C in a Waters 2695 Separation Module 
(Waters Corporation, Milford, MA), and absorbance of the eluate at 200nm was measured 
with a Waters 2487 Dual Absorbance Detector (Waters Corporation, Milford, MA). 
Separation of distinct proteins was achieved with a gradient of 45% to 75% acetonitrile with 
ultrapure water, both containing 0.01% trifluoroacetic acid, for 40min of elution at a flow 
rate of 2mL/min. Each chromatogram was integrated with Empower software (Waters 
Corporation, Milford, MA) with a minimum unit-less peak width of 30 and threshold of 800 
to obtain the total area under all peaks and the area for each individual peak. 
Each replicate at 0 (unfermented) and 240d also was examined visually using scanning 
electron microscopy. A 12mm electron microscopy aluminum stub-holder was fitted with 
12mm double-sided carbon sticky tab. The stub was tipped on to a horizontal surface of dried 
1mm Udy ground HMC. Excess sample material was removed and material adhering to the 
tab was sputter-coated (Auto Conductavac IV, See Vac Inc., Pittsburgh PA) with 30nm of a 
gold-palladium alloy. Scanning electron micrographs were taken at 10,000x magnification 
with a scanning electron microscope (Hitachi S-570, Tarrytown, NY). 
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Table 5.1 Nutrient composition and mean particle size of high-moisture corn (HMC) before ensiling (0d). 
1
 Nutrients are expressed on a DM basis (% of DM), unless otherwise indicated. MPS = mean particle size. 
* significant at p < 0.001 
 
Table 5.2 Statistical analysis of the influence of high-moisture corn (HMC) origin, ensiling time, and 
inoculation on fermentation, protein fractions, and near-infrared reflectance spectroscopy baseline shift (NIRS 
BLS)
1
. 
1
 Values are on a DM basis unless otherwise specified. 
2
 PrOH = H2O (44.4%) +  isopropanol (55.0%) + 2-
mercaptoethanol (0.6%), SCP = soluble crude protein, ADICP = acid detergent-insoluble CP, NDICP = neutral 
detergent-insoluble CP. 
3
 For NIRS BLS, the unit value is ∑ log10(1/R) between 1,380 and 1,480 nm, where 
R = reflectance. *, ** significant at p < 0.01 and 0.001, respectively 
 
Statistics 
Data were evaluated as split-split plot [239] using the PROC MIXED procedures of SAS 
(SAS Institute, Cary, NY, 2001). Random HMC (A and B) were defined as whole plots with 
ensiling time and inoculation as sub-plots. Main effects in the model included the HMC, 
inoculant, ensiling time and their interactions. Random model effects included replication 
and interactions of replication with both HMC and inoculant. For HPLC analysis of alpha, 
gamma, delta and beta zein regions, unit-less peak areas were converted (peak area x 10
-5
) to 
Nutrient composition and mean particle size HMC before ensiling 
Item 
Nutrient
1
 
DM CP   Starch   ADF   NDF MPS, μm 
HMC A 
Control 74.39 9.05 69.11 2.3 8.1 1017 
Inoculated 74.29 9.04 69.05 2.2 7.4 1017 
HMC B 
Control 70.79 8.06 65.50 2.4 8.0 815 
Inoculated 70.59 8.01 65.38 2.2 7.9 843 
Main effect     
p-value 
Inoculant 0.16 0.36 0.33 0.07 0.10 0.33 
HMC * * * 0.43 0.24 * 
SEM 0.16 0.03 0.25 0.09 0.15 19.8 
Statistical analysis of the influence of HMC 
Item 
Fermentation Protein fractions
2
  
 NIRS 
 BLS
3
     pH Lactate  Acetate 
 NH3-N,  
 % total N 
Buffer 
SCP 
 PrOH   
 SCP 
 ADI 
 CP 
  NDI  
  CP 
p
-v
al
u
e 
Main 
effect 
Inoculant ** * ** ** 0.69 0.59 0.58 0.05 0.03 
Time ** ** ** ** ** 0.01 ** ** ** 
HMC ** ** ** ** ** * 0.02 ** ** 
Inter-
action 
Inoculant*time ** ** ** ** 0.21 0.18 0.68 ** 0.73 
HMC*inoculant ** ** ** 0.04 0.17 0.29 0.36 0.24 0.68 
HMC*time ** ** ** ** 0.06 ** 0.01 ** ** 
HMC*inoculant*time ** ** ** 0.37 0.12 0.13 0.34 ** ** 
SEM 0.037 0.021 0.014 0.114 0.290 0.093 0.221 0.068 0.22 
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a unit-less peak area index and ensiling times of 0 (unfermented) and 240d were used in the 
model. Significant main effects or interactions were declared when p < 0.05.  
Results 
The nutrient composition and MPS of HMC prior to ensiling (0d) are listed in Table 5.1. 
High moisture corn A was greater (p < 0.001) in DM, CP and starch concentrations, but 
contained similar amounts of ADF (p = 0.43) and NDF (p = 0.24) compared to HMC B. The 
MPS of HMC A was approximately 200um greater (p < 0.001) than observed for HMC B. 
High moisture corn origin, and ensiling time altered (p < 0.05) pH, fermentation acids, 
protein fractions and NIRS BLS of HMC (Table 5.2). Inoculation altered (p < 0.05) pH, 
fermentation acids, NH3-N and NIRS BLS but had no effect (p > 0.05) on buffer SCP, PrOH 
SCP, or ADICP. Because numerous interactions between HMC origin, ensiling time and 
inoculation influenced pH, fermentation acids, protein fractions and NIRS BLS mean data 
are presented in graphic form to ease interpretation. The pH, lactate and acetate contents of 
the HMC with and without inoculation across ensiling times are presented in Figure 5.1. 
There was no butyrate or propionate detected in either HMC. The pH of HMC decreased 
with advancing ensiling time, but the decline in pH across ensiling time was less extensive 
for HMC A. Inoculation with Lactobacillus buchneri reduced pH for both HMC A and B. 
Lactate and acetate contents of HMC increased with advancing ensiling time but HMC origin 
and inoculation greatly influenced lactate and acetate content. Generally, lactate and acetate 
concentrations were lower for HMC A than HMC B, and the fermentation of HMC A 
produced virtually no acetate without inoculation. Inoculation with Lactobacillus buchneri 
truncated lactate production in both HMC at approximately 15d in favor of acetate 
production thereafter. Observed effects of Lactobacillus buchneri on HMC fermentation 
were similar to those reported by Kung et al [240]. Data suggest that our study design using 
two random HMC with and without inoculation with Lactobacillus buchneri yielded 
divergent fermentations. Concentrations of NH3-N and buffer and PrOH SCP across the 
ensiling times are presented in Figure 5.2.The NH3-N content of HMC increased over the 
ensiling period (240d) for A, AI, B, and BI. The increase in NH3-N was more extensive for 
HMC B than HMC A, and for inoculated compared with un-inoculated HMC. The NH3-N 
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content of HMC increased without abatement for 240d. The concentration of NH3-N in HMC 
appeared to be a function of the extent of fermentation; inoculated HMC B, had lower pH, 
greater concentration of lactate and acetate, and 5.2 times greater NH3-N content after 240d 
of ensiling, than un-inoculated HMC A. 
The buffer SCP concentrations likewise increased over the ensiling period. Averaged over all 
treatments, there was a 2.3-fold increase in the buffer SCP content of HMC from 0 to 240d of 
ensiling. The buffer SCP of HMC was influenced (p < 0.001) by ensiling time and HMC 
origin, but not by inoculation (p = 0.69). Inoculation also did not affect (p = 0.59) the PrOH 
SCP content of HMC. The PrOH SCP content of HMC appeared to be primarily associated 
with HMC origin (p < 0.01). Ensiling reduced (p < 0.001) PrOH concentrations within HMC 
B, but only after 120d of fermentation.  
The ADICP, NDICP and NIR BLS of HMC across the ensiling times are presented in Figure 
5.3. Averaged over all ensiling times, concentrations of ADICP within HMC A were greater 
(p = 0.02) than HMC B. In addition, ADICP was affected by ensiling time, but responses 
across HMC were inconsistent, with interaction (p = 0.01) of main effects observed (Table 
5.2). Generally, no clear biological inference could be made from these responses; ADICP 
within HMC A and B, with and without inoculation, appeared to decline during the initial 
15d of fermentation, but became unstable thereafter. Observed changes in NDICP content of 
HMC across the ensiling times also was also challenging to explain. The NDICP content of 
HMC B declined from 0 to 240d of ensiling while the NDICP content of HMC A was 
virtually unchanged across the ensiling time. Inoculation had no effect on ADICP content (p 
< 0.58) but reduced (p = 0.05) NDICP concentrations within each specific HMC. 
The NIRS baseline shift of HMC A was greater at all ensiling times compared to HMC B. 
The BLS of HMC was moderately reduced (p = 0.03) by inoculation, but NIRS BLS of HMC 
A and HMC B declined dramatically after 60 and 30d of ensiling respectively. Observed 
NIRS BLS decline suggests that HMC became more malleable as ensiling time advanced. 
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Figure 5.1 (left) The pH, lactate, and acetate contents of high-moisture corn (HMC) A (□), HMC A + inoculant 
(■), HMC B (￮), and HMC B + inoculant (●) ensiled for 0, 15, 30, 60, 120, and 240d. 
Figure 5.2 (middle) The NH3-N, buffer-soluble crude protein (SCP), and isopropanol (PrOH) SCP contents of 
high-moisture corn (HMC) A (□), HMC A + inoculant (■), HMC B (￮), and HMC B + inoculant (●) ensiled for 
0, 15, 30, 60, 120, and 240d. 
Figure 5.3 (right) The ADF-insoluble CP (ADFICP), NDF-insoluble CP (NDFICP), and near-infrared 
reflectance spectroscopy (NIRS) base- line shift (BLS) of high-moisture corn (HMC) A (□), HMC A + 
inoculant (■), HMC B (￮), and HMC B + inoculant (●) ensiled for 0, 15, 30, 60, 120, and 240 d. For NIRS BLS 
the unit value is ∑ log10(1/R) between 1,380 and 1,480 nm, where R = reflectance. 
 
The influence of ensiling time and inoculation on hydrophobic zein proteins in the 
endosperm of HMC is presented in Table 5.3. Inoculation had no effect (p ≥ 0.27) on 
reducing any of the hydrophobic zein protein subunits in HMC. Likewise, interactions of 
inoculant with HMC origin or ensiling time were not observed (p ≥ 0.18) for zein protein 
subunits. As a result, mean values for all zein subunits were compressed into HMC origin by 
ensiling time means and are presented in Figure 5.4 to aid interpretation. 
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Table 5.3 Influence of ensiling time and inoculation on hydrophobic zein protein subunits in the endosperms of 
high-moisture corn (HMC).  
 
Influence of ensiling time and inoculation on zeins 
Item ɑ zein subunit1 
  Inoculation d 1st 2nd 3rd 4th 5th 6th 7th 8th Total 
HMC A 
Peak 
area x 
10
-5
 
Control 
0 6.86 7.21 7.01 23.61 12.61 26.54 13.30 40.23 185.36 
240 4.57 4.72 4.36 15.58 8.22 17.31 7.50 29.98 148.55 
Inoculated 
0 6.85 7.20 7.00 23.56 12.58 26.10 13.29 40.18 182.15 
240 4.26 4.64 4.13 14.70 7.73 15.69 6.22 22.41 139.32 
HMC B 
Peak 
area x 
10
-5
 
Control 
0 0.62 6.29 4.10 8.79 12.05 11.17 3.14 6.86 102.63 
240 0.90 3.24 4.04 6.81 8.19 7.30 5.62 5.84 47.44 
Inoculated 
0 0.62 6.28 4.09 8.80 12.00 11.23 3.10 6.80 105.85 
240 3.95 3.01 5.10 8.91 10.21 7.71 5.63 4.91 44.63 
p
-v
al
u
e 
Inoculant 0.27 0.99 0.75 0.79 0.65 0.75 0.71 0.51 0.74 
Time 0.61 ** 0.09 ** ** ** 0.03 0.02 ** 
HMC ** ** 0.05 ** 0.69 ** ** ** ** 
Inoculant*time 0.27 0.99 0.75 0.79 0.65 0.75 0.71 0.51 0.74 
HMC*inoculant 0.18 0.92 0.61 0.53 0.46 0.60 0.71 0.60 0.74 
HMC*time * 0.42 0.02 * 0.29 * ** 0.06 0.32 
HMC*inoculant*time 0.18 0.91 0.62 0.54 0.46 0.61 0.71 0.60 0.74 
SEM 1.066 0.428 1.032 1.862 1.349 1.491 1.347 3.971 13.100 
 
Influence of ensiling time and inoculation on zeins 
Item   
    
 
Inoculation d 
15  
beta 
16 
gamma  
27 
gamma  
10 
delta 
18 
delta 
HMC A 
Peak 
area x 
10
-5
 
Control 
0 2.34 12.13 20.11 10.45 2.37 
240 1.60 9.02 9.41 8.86 1.85 
Inoculated 
0 2.23 12.01 20.06 10.44 2.37 
240 1.77 8.38 10.38 7.94 1.69 
HMC B 
Peak 
area x 
10
-5
 
Control 
0 4.60 11.39 9.90 8.93 1.03 
240 1.68 2.04 2.31 5.92 0.00 
Inoculated 
0 4.95 11.48 9.98 8.89 1.04 
240 2.37 2.47 4.67 7.13 0.55 
p
-v
al
u
e 
Inoculant 0.36 0.95 0.37 0.86 0.80 
Time ** ** ** ** 0.09 
HMC ** ** ** ** ** 
Inoculant*time 0.36 0.95 0.37 0.86 0.74 
HMC*inoculant 0.59 0.74 0.71 0.21 1.00 
HMC*time ** * 0.05 0.68 0.78 
HMC*inoculant*time 0.58 0.74 0.70 0.22 1.00 
SEM 0.391 1.342 2.046 0.649 0.357 
1
Individual subunits of alpha zein = 19-22kDa. Total alpha = total peak area for 14alpha zein subunits. *, ** 
significant at p < 0.01 and 0.001, respectively 
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Figure 5.4 (left) The HPLC peak area indexes (peak area × 10−5) of 8 alpha (19-22kDa) and beta (15kDa), 
gamma (16 and 27kDa), and delta (10 and 18kDa) zein protein subunits of high-moisture corn (HMC) A and B 
ensiled for 0 (□) and 240 (■) d. Statistical inferences and SEM of individual zein protein subunits are presented 
in Table 5.3. 
Figure 5.5 (right) Scanning electron micrographs of high-moisture corn (HMC) A and B without inoculation 
ensiled for 0 and 240d. 
 
At ensiling (0d) HMC A contained more (p < 0.001) total alpha, beta, gamma, and delta zein 
proteins in the starch-protein matrix than HMC B. These data support the observations of 
greater CP and PrOH SCP concentrations within HMC A at ensiling (0d) than HMC B [241]. 
For HMC A, ensiling for 240d reduced all 8 alpha zein and both gamma zein subunits. Total 
beta and delta zeins in HMC A were less extensively reduced after 240d of ensiling. For 
HMC B, 5 of 8 subunits of alpha, and all beta, gamma, and delta zeins were reduced after 
ensiling for 240d. Ensiling for 240d reduced gamma zeins (16 and 27kDa) in HMC A and B 
more extensively than other zein protein sub-units. Ensiling for 240d reduced gamma zeins 
by 42.2 and 73.2% for HMC A and B respectively. The large reduction of 16 and 27kDa 
gamma zein proteins, induced by ensiling time, may have important implications pertaining 
to starch digestion in ruminants. The gamma zeins lay peripheral to and crosslink with alpha 
and delta zeins in the starch-protein matrix, thereby adhering starch granules together and 
ostensibly forming the starch-protein matrix [84,86]. In dry corn, the primary difference 
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between flint, dent or less vitreous floury (fl2) or opaque (o2) corn endosperm types is the 
degree of starch granule cross-linking by gamma zein proteins. In dry corns, starch from 
floury (fl2) or opaque (o2) endosperm types has been show to be more digestible by lactating 
dairy cows [87,88]. Data from this study suggest gamma zein cross-linking proteins are 
highly degraded in the HMC fermentation process. 
Discussion 
It is well recognized that ruminal degradation of HMC starch is more extensive than dry corn 
starch [224]. It has also been reported that rumen degradability of corn silage [242] and HMC 
starch [243] increases with ensiling time. It is frequently hypothesized that hydrophobic zein 
proteins which form the starch-protein matrix are degraded in the ensiling process [223,244] 
thereby allowing greater access to starch granules by rumen bacteria, but detailed evaluations 
of this hypothesis are limited. 
Hydrophobic zein proteins in the starch-protein matrix could potentially be degraded in the 
ensiling process by solubilization or by proteolytic activity. Zein proteins are intensely 
hydrophobic and innately insoluble in water or rumen fluid, but are soluble in lactic and 
acetic acid [245]. Because fermentation yields lactic and acetic acid, hydrophobic zein 
proteins in the starch protein matrix could simply be solubilized. Proteolysis also is an 
intrinsic mechanism in HMC fermentation which induces degradation of proteins [221]. 
Proteolysis is best defined as a joint degradation of proteins by active plant enzymes or 
bacterial proteases [246]. Logically, hydrophobic zein proteins in the starch protein matrix 
could be degraded by proteolytic activity in HMC.  
While this study was not specifically designed to differentiate mechanisms by which 
hydrophobic zein proteins in the starch-protein matrix are degraded, inferences from the 
study suggest hydrophobic zein proteins are more likely degraded via proteolytic activity in 
than by solubilization in HMC. Inoculating HMC in an attempt to alter fermentation acids, 
increased lactic and acetic acid concentration 1.6x and 1.2x respectively in HMC A and B as 
compared to un-inoculated HMC at 240d of ensiling. Despite greater concentrations of lactic 
and acetic acid in inoculated HMC there was no evidence or trend that inoculation altered 
any subunit of alpha, beta, gamma, or delta zein protein. In contrast, ensiling HMC for 240d 
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reduced HPLC peak areas of most zein proteins. The reduction in zein proteins by proteolytic 
activity is supported by NH3-N data. At ensiling (0d) HMC did not contain any appreciable 
quantity of NH3-N. However, the NH3-N concentrations increased steadily, without 
abatement, for 240d for all HMC. In silages, NH3-N most often is defined as a product of 
bacteria deamination of amino acids rather than a product of acid hydrolysis by silage 
volatile fatty acids [247]. Similar to NH3-N, buffer SCP in HMC was not influenced by 
inoculation, but buffer SCP increased chronically without abatement for the 240d ensiling 
period. Increasing the solubility of corn proteins in borate-phosphate buffer suggests that 
corn proteins became less hydrophobic with advancing ensiling time. Decreased 
hydrophobicity of corn proteins with advancing ensiling time should have resulted in a 
decrease in PrOH SCP over the same time period. This effect was not observed as PrOH 
SCP, while greater for HMC A than HMC B, remained relatively constant across the ensiling 
times. This observation maybe an assay nuance rather than a biological effect. The assay of 
Larson and Hoffman [231] was used to determine PrOH SCP which is an estimate of total 
zein content. The assay quantifies total zein content using turbidity of hydrophobic proteins 
in TCA fit to a standard curve using purified zein. The effects of kDa size, as well as the 
relative hydrophobicity of proteins on subsequent turbidity in TCA were not defined by 
Larson and Hoffman [231]; therefore, hydrophobic zein proteins could be degraded partially, 
but the resulting peptides could yield equivalent turbidity in TCA. In short, the assay of 
Larson and Hoffman [231] appeared to be effective at defining origin differences in zein 
proteins, but was not effective in defining the degradation of zein proteins during 
fermentation. By contrast, the HPLC analysis appeared to clearly define origin differences, as 
well as degradation of zein proteins in ensiled HMC. 
The ADICP and NDICP concentrations were determined to evaluate if these protein fractions 
provided any indirect evidence regarding the fate of hydrophobic zein proteins in HMC. It 
was challenging to make any indirect or logical biological linkages between ADICP and 
NDICP and the fate of hydrophobic zein proteins in the endosperm of HMC. The ADICP and 
NDICP concentrations in HMC were affected by ensiling time but responses across HMC 
origin and inoculation were inconsistent, with interactions of main effects observed. The lack 
of logical biological linkages between ADICP or NDICP and starch matrix proteins in HMC 
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would be expected because ADICP and NDICP, are assays developed for forages [228]. In 
corn, ADF and NDF reside in the pericarp, and not in the endosperm, and hydrophobic 
proteins, not fiber, encapsulate starch in the endosperm. Therefore, ADICP and NDICP 
appeared to be ill-suited for making indirect inferences with regard to starch digestibility in 
HMC.  
Data from this study substantiates the hypothesis that hydrophobic zein proteins in the starch-
protein matrix are degraded during the ensiling process as proposed by Philippeau and 
Michalet-Doreau [244] and Jurjanz and Monteils [223]. The degradation of zein proteins 
during the ensiling process, especially gamma zeins, which are primarily responsible for 
cross-linking starch granules together should result in a disassociation of starch granules in 
HMC and allow greater access to starch granules by rumen bacteria. To assess whether starch 
granules in HMC do in fact disassociate as a result of ensiling and subsequent degradation of 
zein proteins, electron micrographs were produced of HMC A and B, at 0 and 240d of 
ensiling. Because inoculation of HMC was demonstrated to have no effect on the degradation 
of zein proteins, electron micrographs of HMC A and B without inoculation are presented in 
Figure 5.5. 
Differences in the starch-protein matrix between HMC A and B prior to ensiling (0d) can be 
observed clearly. Starch granules in HMC A appear tightly adhered and protein bodies in the 
interspaces between starch granules are readily observed. In contrast, starch granules in HMC 
B prior to ensiling appear more loosely adhered and protein bodies between starch granules 
are less apparent. The electron micrographs of HMC A and B at 0d visually support the 
greater PrOH SCP, NIRS BLS and HPLC zein peak areas observed for HMC A as compared 
to B. After 240d of ensiling some, disassociation of starch granules in HMC A can be 
observed, but the disassociation appears incomplete as starch granule clusters are still visible. 
In contrast, there was a near complete disassociation of starch granule clusters in HMC B 
after ensiling for 240d. In multiple other scanning electron micrographs of HMC B evaluated 
after 240d of ensiling, primarily individual starch granules were observed, with few starch 
granule clusters remaining. The complete (HMC B; 240d) or incomplete (HMC A: 240d) 
disassociation of starch granule clusters appears to be a function of the starch-protein matrix 
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origin (hybrid-maturity) and the extent of fermentation. By numerous measures in this study 
the starch-protein matrix of HMC A was clearly more extensive than HMC B. By numerous 
measures the fermentation of HMC A was less extensive than HMC B. The degree of starch 
encapsulation by hydrophobic zein proteins at ensiling combined with fermentation intensity 
and length of the ensiling period appear to be the determining factors regulating the relative 
disassociation of starch granule clusters in HMC. 
Conclusions 
It has been hypothesized that increased ruminal degradation of HMC starch by ruminants is 
related to fermentation and the degradation of hydrophobic zein proteins in the starch-protein 
matrix. Degradation of starch-matrix proteins in the ensiling process has likewise been 
hypothesized to allow for greater access to starch granules in HMC by rumen bacteria. In this 
study, we observed the two hypotheses to be ostensibly correct. When random corns were 
ensiled, hydrophobic zein proteins intrinsic to the starch protein matrix were substantially 
degraded, especially gamma zein proteins which cross-link starch granules together. 
Degradation of hydrophobic zein proteins in the ensiling process appears to be best explained 
by chronic proteolytic activity because inoculation, which yielded greater lactate and acetate 
concentrations in HMC, had no effect on the degradation of hydrophobic zein proteins in 
HMC. Scanning electron micrographs confirmed the disassociation of starch granule clusters 
in HMC, which would logically allow for greater access to starch granules in HMC by rumen 
bacteria. 
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Chapter 6.  Using Mutations in Corn Breeding Programs 
Bodnar AL, Scott MP  
This work has been published as chapter 15 of The Handbook of Plant Mutation Screening: 
Mining of Natural and Induced Alleles, edited by Khalid Meksem and Guenter Kahl (2011), 
on pages 247–261. Copyright Wiley-VCH Verlag GmbH & Co. KGaA, reprinted with 
minimal modifications with permission from the publisher. 
Abstract  
It is frequently necessary to move a mutation from one genetic background to another for 
reasons including crop improvement and scientific studies. Two methods that can be used for 
this purpose are backcross breeding and forward breeding. Backcross breeding is used to 
move a mutation into a specific genetic background, while forward breeding is used to 
improve the agronomic performance of the variety carrying a mutation. These methods can 
be adapted and applied to a variety of situations, including both dominant and recessive 
mutations. They can also be adapted to take advantage of new technologies such as marker-
assisted selection and doubled haploids. 
Introduction  
Mutations are valuable because they create the genetic variation required for crop 
improvement via plant breeding. Mutations are also valuable in scientific studies, especially 
in studies of gene function. Mutations can be naturally occurring, induced by whole genome 
mutagenesis, or created with biotechnology. In this chapter, we describe breeding methods 
that allow a mutation to be moved into a different genetic background. The methods 
described here are generally applicable to all types of mutations.   
It is often desirable to move a mutation into another genetic background in order to 
characterize the mutation. For example, whole genome mutagenesis can result in mutations at 
several genetic loci in an individual, and it may be necessary to isolate each mutation prior to 
characterization. Additionally, many mutations have different effects in different genetic 
backgrounds. Evaluation of the mutation in several different backgrounds can lead to a better 
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understanding of the effect of the mutation. Finally, when comparing several mutations, the 
comparison should be carried out in a common genetic background.  
A second reason for moving mutations into another genetic background is to improve the 
agronomic performance of the mutant plants. Natural mutations with potential agronomic 
value such as disease resistance or improved grain quality are often found in breeding stocks 
and these mutations must be transferred to elite germplasm prior to commercial use. 
Similarly, it is normally necessary to transfer transgenes into elite germplasm because only a 
few maize varieties, such as Hi-II [248] can be efficiently transformed and regenerated. 
These varieties are often agronomically inferior and highly heterozygous, which is 
problematic because heterozygous loci segregate in subsequent generations to give a wide 
range of genetic background effects.  
We describe two breeding techniques that can be used to transfer a mutation from one 
genetic background to another. The objective of backcross breeding is to move the mutation 
into a specific genetic background, usually an inbred line. The objective of forward breeding 
is to improve the agronomic performance of the variety carrying the mutation, and usually 
results in development of a new genotype. Plant breeders typically use a combination of 
these techniques, but here we describe the two methods separately for clarity. Throughout 
this protocol, the mutant allele will be indicated by M* if dominant or by m* if recessive. 
The wild type allele will be indicated by M if dominant or by m if recessive. 
Factors to consider before starting a breeding program 
The most important factor a breeder must consider when determining which type of breeding 
program to use is the breeding objective, but other factors to consider include: the inheritance 
and expression of the mutation, the population under selection, predicted response to 
selection, and costs and risks [249].  
Before starting a breeding program, the researcher must have obtained or identified a donor 
parent that contains a mutation of interest. It is important to understand the inheritance of the 
mutation. Is it recessive or dominant? Is it transmitted equally well through either parent? Is 
it expressed similarly in all genetic backgrounds? The answers to these questions will 
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determine how the breeding program is carried out. It is easiest to work with mutations that 
exhibit dominance without interaction and have consistent expression regardless of genetic 
background or environment. Recessive mutations complicate breeding programs but can be 
used in either backcross or forward breeding. In addition, traits that can be identified before 
flowering are easiest to work with. If the mutation is identifiable only after flowering, 
additional crosses must be to identify plants carrying the mutation. Other factors that 
complicate breeding and ways to adjust breeding programs accordingly are described by Fehr 
in Principles of Cultivar Development [250] and by Acquaah in Principles of Plant Genetics 
and Breeding [251].  
Alternatives to breeding 
Backcross and forward breeding are time-consuming and expensive, and so it should be 
avoided whenever possible. Careful planning of the mutagenesis effort can reduce or 
eliminate the need for backcross breeding. For example, chemical mutagenesis should be 
carried out in a homozygous line using a mutagen dose that minimizes the number of 
individuals carrying multiple mutations. Transformation of a desired inbred line may be 
inefficient, but because it results in the transgene being in a genetically uniform background, 
it might allow the effect of a mutation to be evaluated without backcrossing. The cost of 
transformation inefficiency should be weighed against the cost and time required for a 
backcrossing program.   
Backcross breeding 
The goal of backcross breeding is to develop varieties that contain a mutant allele and are 
genetically similar to existing varieties. The variety that contains the mutation at the start of 
the program is called the donor parent and the variety that the mutation is being transferred 
into, typically an inbred line, is called the recurrent parent. This is achieved using a cyclic 
process of crossing the donor parent to the recurrent parent, selecting for progeny containing 
the mutation, and crossing these progeny to the recurrent parent again to complete the cycle 
(Figure 6.1). A successful backcrossing program should produce lines that are near-isogenic 
to the recurrent parent.  
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The choice of recurrent parent depends on the objective of the breeding program. If the goal 
is to determine the effect of the mutation in a specific genetic background, then the recurrent 
parent should have the genetic background of interest. If the objective is simply to move the 
mutation into a uniform genetic background, an agronomically superior inbred line is usually 
chosen. Well-characterized inbred lines such as B73 are frequently used as recurrent parents 
because of the large amount of information available for these lines. The breeder may choose 
to backcross a mutation into a few different inbred lines in order to evaluate expression in 
different backgrounds or in preparation for further cultivar development. If the desired 
product is a line containing multiple mutations, the breeder may choose to backcross each 
mutation individually into the same recurrent parent then cross the resulting lines. 
Each successive cross to the recurrent parent reduces the genetic contribution of the donor 
parent. Generations are typically referred to with the notation BC# where # equals the 
number of crosses to the recurrent parent after the initial cross.  
Table 6.1 shows the average percentage of each parental genome after each backcross in the 
absence of linkage. The number of backcrosses carried out is determined by the desired 
degree of similarity to the recurrent parent. 
Table 6.1 The percentage of genetic contribution of the donor and recurrent parents after each backcross, in the 
absence of linkage. 
 
Generation    Donor   Recurrent 
F1 50.00% 50.00% 
BC1 25.00% 75.00% 
BC2 12.50% 87.50% 
BC3 6.25% 93.75% 
BC4 3.13% 96.88% 
BC5 1.56% 98.44% 
 
There are several drawbacks to backcross breeding. First, a large number of generations are 
required to recover the recurrent parent genotype to a great extent. Second, it is difficult to 
backcross several genetic loci simultaneously because it is necessary in each generation to 
select individuals with the desired mutations and the frequency of these individuals decreases 
exponentially with the number of independent loci being selected. Because of linkage, it can 
be difficult to separate a mutation from nearby loci that may include deleterious genes. 
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Linkage drag is a term that refers to reduction in yield caused by unwanted donor genetic 
material introduced by breeding. In theory, linkage drag is reduced as the proportion of the 
recurrent parent genome is increased so additional cycles of backcrossing and methods that 
improve recovery of the recurrent parent genome, such as marker-assisted selection, may 
reduce linkage drag.  
Backcross breeding with a dominant mutation 
1. Identify the donor and recurrent parents.  
2. In season one, plant the recurrent and donor parents in adjacent rows. Use pollen from 
the donor parent (M*m) to pollinate the recurrent parent (mm). Harvest each ear 
individually. The resulting seed is the F1 generation (½ M*m and ½ mm). 
3. In season two, plant an appropriate number of seeds (Table 6.2) from each F1 ear and 
an approximately equal number of recurrent parent seeds in an adjacent row. Identify 
F1 plants carrying the mutation and use pollen from those individuals to pollinate a 
recurrent parent plant. Harvest each ear individually. The resulting seed is the BC1F1 
generation (½ M*m and ½ mm). This marks the end of one cycle of backcross 
breeding.  
4. Continue with additional cycles of backcross breeding by substituting the most recent 
backcross generation for the F1 seed in step 3 until satisfied with the resulting line’s 
similarity to the recurrent parent.  
5. To produce a line the breeds true for the mutation after N cycles of backcrossing, self-
pollinate the BCNF1 plants to produce BCNF2 plants. Use genotyping or progeny 
testing to select the M*M* plants, which will breed true for the mutation. 
Backcross with a recessive mutation 
Backcrossing with a recessive mutation is similar to backcrossing with a dominant mutation 
except it requires genotyping before pollination or progeny testing after each backcross 
generation. If genotyping before pollination is used to identify individuals carrying the 
mutant allele, the protocol is the same as for backcrossing with a dominant mutation. 
Progeny testing can be started in the same season as a backcross by using pollen from the 
same donor parent to pollinate both the recurrent parent and the tester. Once the results of the 
progeny tests are known, the lines containing test-cross negative parents can be removed 
from the backcross breeding program. 
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Figure 6.1 Backcross breeding with a dominant mutation. Shaded portions of circles represent the genetic 
contribution of the donor parent. The mutant allele is indicated by M* and the wild type allele is indicated by m. 
The donor parent is indicated by DP and the recurrent parent is indicated by RP. 
 
Forward breeding 
The goal of forward breeding is to produce an agronomically improved variety that contains 
a mutation. Forward breeding begins with a cross between the donor parent and an elite 
parent to create a breeding population. The elite parent may be an inbred line or a breeding 
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population, such as a synthetic cultivar created by intermating several elite inbred lines. If the 
mutation exists in a population that is segregating for the desired traits, no cross is necessary. 
For simplicity, only one cross with the elite parent is used in this protocol; however, it may 
be desirable to make several backcrosses to the elite parent if the donor parent has very poor 
agronomic characteristics. After the initial cross, a typical breeding program includes 
repeated generations of self-pollination with selection for desired agronomic traits (Figure 
6.3). One or more generations of intermating may be included in order to increase 
recombination between the donor and elite genomes and to reduce the size of linkage blocks. 
One challenge of forward breeding is achieving the required level of genetic variability in the 
breeding population to allow improvement through selection.  
Terminology used for each generation of forward breeding can vary depending on breeder, 
methods, or cultivar. In general, the progeny of the first cross between the donor and elite 
parents is the first filial generation, or F1. Generations produced by self-pollination of plants 
in the breeding population are referred to as SN where N is the number of self-pollinated 
generations. 
Forward breeding with a dominant mutation 
1. Identify the donor parent and the elite parental population. Identify which traits are 
desired in the resulting line.  
2. In season one, cross the donor parent (M*m) and the elite parent (mm) to obtain F1 
ears (½ M*m and ½ mm). Harvest each ear individually. The resulting seed is the F1 
generation.  
3. In season two, plant an appropriate number of seeds (Table 6.2) from each F1 ear in 
separate rows. Select plants that have the mutation and the desired agronomic traits. 
Self-pollinate each selected plant and harvest each ear individually. The resulting 
seed is the S1 generation. 
4. In season three, plant an appropriate number of seeds from each S1 ear in separate 
rows. Select, self-pollinate, and harvest as in season 2. The resulting seed is the S2 
generation.  
5. In season four, plant an appropriate number of seeds from each S2 ear in separate 
rows. The number of seeds must be sufficient to differentiate rows that are 
segregating for the mutation from those that are not. Observe the plants and remove 
entire rows that are segregating. In non-segregating rows, select plants that have the 
desired agronomic traits. Self-pollinate each selected plant. Harvest each ear 
individually and combine equal numbers of seed from each selected ear in the row 
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into a balanced bulk. Each bulk represents a row that contains at least one selected 
individual. The resulting seed is the S3 generation.  
6. In season five, plant an appropriate number of S3 seeds from each bulk into separate 
rows. At this point, there should be no heterozygous plants remaining, but if rows 
appear to be segregating, they should be removed. Select, self-pollinate, and harvest 
as in step 5. The resulting seed is the S4 generation.  
7. Continue with additional cycles of selection and self-pollination by substituting the 
most recent self-pollinated generation for the S3 in season five until satisfied with the 
traits in the resulting line.  
Forward breeding with a recessive mutation 
The protocol for forward breeding with a recessive mutation is the same as for forward 
breeding with a dominant mutation. However, because the mutation will be expressed in only 
in heterozygous mutant individuals, fewer mutant plants will be available for breeding, so 
more seeds must be planted in each generation (Table 6.2). 
Supplementary protocols 
There are many other factors to consider when planning a breeding program, including the 
number of seeds to be planted in each generation, identification of plants homozygous for a 
recessive mutation, and ensuring adequate recombination. 
Determining how many seeds to plant 
The number of seeds that must be planted each season depends on several factors and was 
determined by Sedcole in 1977 [252]. Variables are the desired probability (p) of obtaining 
the desired number of mutant plants (r) and the frequency of the desired genotype (q), as 
shown in Table 6.2. In addition, the number of seeds needed equals the required number of 
plants divided by the germination rate [250]. For example, the frequency of homozygous 
recessive seeds resulting from a cross between two heterozygous plants is one fourth. To 
obtain at least two (r = 2) homozygous plants (q = 1/4) with a 99% probability (p = 0.99), 24 
plants are needed. With a germination rate of 80%, at least 30 seeds must be planted per 
cross. 
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Figure 6.2 Forward breeding with a dominant mutation. The mutant allele is indicated by M* and the wild type 
allele is indicated by m. The donor parent is indicated by DP and the elite parent is indicated by EP. 
 
In forward breeding, a sufficient number of plants must be planted to allow for the desired 
selection intensity. Selection intensity, or the number of individuals selected to be parents of 
the next generation must be carefully controlled. If too many individuals are chosen, the 
population will improve slowly. If too few individuals are chosen, the genetic variability of 
the population may be reduced, potentially reducing future rate of gain. A selection intensity 
of 5 to 20% is typical. 
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Table 6.2 Number of plants required to ensure recovery of r plants with a desired genotype of frequency q and 
probability p [252]. 
 
p q 
r 
1 2 3 4 5 6 8 10 15 
0.95 1/2 5 8 11 13 16 18 23 28 40 
0.99 1/2 7 11 14 17 19 22 27 33 45 
0.95 1/4 11 18 23 29 34 40 50 60 84 
0.99 1/4 17 24 31 37 43 49 60 70 96 
 
Working with recessive mutations 
If the mutation is recessive, there are two options that the breeder can use to identify plants 
that have the mutant allele: genotyping and progeny testing. Both of these methods allow the 
breeder to identify the genotype of a plant, and are suitable in different situations. 
Genotyping  
It is often possible to use genotyping via molecular markers as an alternative to phenotyping 
to identify plants carrying the mutation, which can be very advantageous in certain situations. 
For example, a co-dominant molecular marker can be used to identify plants carrying a 
recessive mutation in the heterozygous state. If genotyping is finished before flowering, 
donor plants that do not contain the mutation can be removed prior to mating, reducing the 
number of pollinations necessary. Thus, genotyping can save time and field space, especially 
when used with recessive mutations or mutations that can only be identified after flowering. 
Genotyping requires molecular markers associated with the mutation, trained personnel, and 
appropriate laboratory equipment. Molecular markers may be difficult to develop for many 
types of induced mutations, but they can be developed relatively easily for transgenes. If a 
mutation will be used extensively in backcrossing programs, it may be worth characterizing 
the mutation molecularly for the purpose of developing markers. A less costly alternative is 
to map the mutation genetically relative to known molecular markers in order to identify a 
molecular marker that is tightly linked to the mutation. If a linked marker is used to select for 
the presence of the mutation, it is important to periodically verify that the mutation is still 
present and functional because the linkage between the marker and the mutation may be 
broken or expression of the mutation may be unstable.  
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Progeny testing 
Progeny testing is used to phenotypically identify plants carrying a recessive mutation in the 
heterozygous state. Seeds from the plant to be tested are planted in a row and self-pollinated 
as in Figure 6.3 (a). The progeny are planted in the next season and scored for the mutant 
phenotype. The phenotypes of test-cross plants derived from heterozygous plants (Mm*) will 
be ¼ mutant and ¾ wild-type (genotypes will be ¼ m*m*, ½ Mm*, ¼ MM) while the test-
cross plants derived from homozygous plants (MM) will all be wild-type. An alternative to 
self-pollination is to cross each plant to a “tester” that is homozygous for the mutation 
(m*m*) as in Figure 6.3 (b). The phenotypes of test-cross plants derived from heterozygous 
plants (Mm*) will be ½ mutant and ½ wild-type (genotypes will be ½ m*m*, ½ Mm*) while 
the test-cross plants derived from homozygous wild-type plants (MM) will all be 
heterozygous at the mutant locus, therefore phenotypically wild-type. Using a tester line may 
be preferred to using self-pollination because it does not require the use of an ear from the 
mutant. All test-cross plants can be removed after they have been identified, as they are not 
required for breeding. 
Intermating 
One or more generations of intermating may be carried out to increase recombination 
between the elite and donor genomes. Intermating may be used to break undesired linkages 
with the mutation and to generate more phenotypic diversity in the breeding population. 
However, intermating may break desirable linkages in the elite parent. In each generation, 
inferior plants are removed and superior individuals carrying the mutation are intermated. 
Intermating can be carried out in several different ways. The selected plants can be open 
pollinated if they can be isolated from other populations. However, self-pollinated seed and 
pollination by nearby plants result in less than optimal recombination between all plants. To 
avoid self-pollination, open pollination can be modified by detasseling "female" plants. 
Alternatively, chain sib mating can be used to optimize recombination and avoid self- 
pollination. In this method, seed from each parental plant is mixed in equal numbers to create 
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Figure 6.3 Progeny testing with self-pollination (a) or with a tester (b). The mutant allele is indicated by m* and 
the wild type allele is indicated by M. 
 
a balanced bulk, and then planted in rows. Inferior individuals are removed. Each plant is 
used to pollinate one of its neighbors, with the female plant of one cross being used as the 
male plant in the next cross. In this way, each plant is used as a male and as a female, and 
recombination is optimized because of the random placement of plants. The resulting seed 
from each plant are siblings of the plants before and after its female parent in the row. 
Selection before pollination allows the breeder to control both male and female parents of the 
next generation, which will result in faster line improvement than selection of female parents 
after pollination. 
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When intermating is used with a recessive mutation, genotyping or progeny testing is 
required. If genotyping is used with intermating, individuals in the population are tested 
before flowering. Progeny testing requires additional crosses that must be conducted before 
each generation of intermating. If greater speed in line development is desired, progeny 
testing can be conducted between alternating generations instead of between every 
generation, but this requires that more plants be used in intermating to ensure adequate 
frequency of the mutant allele in the population (Table 6.2). 
Complication: Pleiotropic effects  
A single mutation can produce several phenotypes. Phenotypes that occur in addition to the 
phenotype of interest are termed pleiotropic effects. These effects can complicate the use of 
mutations for crop improvement, but can provide clues to the biological function of the 
mutation. An example of a mutation with pleiotropic effects is the opaque2 (o2) mutation in 
maize, so named because mutant kernels transmit less light than wild-type kernels, giving 
them an opaque appearance. This mutation increases the level of the essential amino acids 
lysine and tryptophan in maize kernels, increasing their nutritional value [253]. 
Unfortunately, mutant kernels have reduced density that reduces their germination rate, and 
are more susceptible to attacks by insects and fungi. These pleiotropic effects limit the utility 
of o2 maize. Another maize mutation with undesirable pleiotropic effects is brown midrib 3 
(bm3), which increases the digestibility of maize stalks, but reduces the ability of the plant to 
stand upright. 
When breeding with mutations for crop improvement, it is frequently necessary to overcome 
adverse pleiotropic effects as well as to maintain the mutation. This can be done through the 
use of “modifier genes” that can attenuate the different phenotypes of a mutation to different 
degrees [254]. For example, some modifier genes play an important role in determining the 
severity of a number of genetic diseases in different individuals [255]. Modifier genes can 
decrease the opacity of o2 maize kernels [256], including some that exhibit quantitative 
inheritance [257]. Thus, pleiotropic effects can offset one of the main advantages of mutation 
breeding, the ability to make a desired change with a simply inherited genetic locus, by 
requiring the manipulation of quantitatively inherited phenotypes associated with pleiotropic 
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effects. This has been done successfully with the o2 mutation in the thirty-year long 
development of Quality Protein Maize [89,106]. From the standpoint of using mutations to 
understand gene function, modifier genes that alter the main or pleiotropic effects of a 
mutation may function in the same biochemical or genetic network as the mutant gene. 
Efforts to identify these modifier genes are underway [258,259,260]. 
Applications 
Backcross and forward breeding have both played an important role in crop improvement 
and will continue to do so in the future. Quality Protein Maize is an example of the success 
of forward breeding for the development of new cultivars with a mutation and other 
improved traits. Transgenic plants containing Green Fluorescent Protein are an example of a 
trait in a backcross breeding program moving one mutation into multiple recurrent parents. 
Breeding with a natural mutation: Quality protein maize 
The development of Quality Protein Maize (QPM) is an example of a forward breeding 
approach in a mutation breeding program [89,106]. The recessive opaque2 (o2) mutation 
confers improved nutritional quality on grain by increasing the levels of nutritionally limiting 
amino acids [253], but also confers inferior agronomic properties. Negative pleiotropic 
effects are most severe in kernels with a strong opaque phenotype and are controlled in part 
by modifier genes that exhibit quantitative inheritance [257]. Thus, a forward breeding 
program is appropriate for development of new varieties that contain the o2 mutation and 
have superior agronomic performance. This approach has been carried out successfully in 
several breeding programs, most notably at the International Maize and Wheat Improvement 
Center (CIMMYT) [89,106].  
QPM breeding programs typically follow this approach: An o2 donor parent is crossed to 
elite varieties. Kernels containing the mutation are selected and the opacity of these kernels is 
evaluated using a light box to identify kernels that are relatively translucent. Successive 
cycles are carried out with selection for agronomic traits including kernel translucence during 
inbreeding, with introgression of new genetic material as needed to obtain kernels with 
suitable agronomic characteristics. Using this approach, it is possible to produce varieties 
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containing the o2 mutation that have superior nutritional properties and agronomic 
performance. One challenge of this approach is that it becomes more difficult to visually 
identify the o2 kernels as the kernels become more translucent in successive generations. For 
this reason, the development of molecular markers for the o2 allele [261] has been a great 
benefit to QPM breeding programs. 
Breeding with a transgene: GFP 
Modified versions of the jellyfish protein Green Fluorescent Protein (GFP) have great utility 
as a reporter in biological experiments [94]. Transgenic maize that produces this protein in 
kernels has been produced [92]. Because the genotype that was transformed was 
heterozygous, it was necessary to move these transgenes into uniform genetic backgrounds 
prior to use in biological studies. The backcross procedure described here was used for this 
purpose. The transgenic plants that were regenerated from tissue culture were the recurrent 
parent. These plants were crossed to the inbred line B73, one of the desired recurrent parents. 
Because the GFP transgenes is dominant, we were able to visually select kernels containing a 
functional copy of the transgene in the F1 ears produced in this cross. By visually selecting 
the transgenic kernels for planting and crossing these plants to the recurrent parent, we were 
able to complete a cycle of backcrossing in one generation. After 2-3 cycles of backcrossing, 
the resulting plants exhibited many phenotypic characteristics of the recurrent parent, 
although they exhibited more variability than the inbred recurrent parent. 
Perspectives 
While plant breeding has been practiced for thousands of years, the methods can be improved 
dramatically with new technologies. Two such technologies are marker-assisted selection and 
the creation of double haploids. 
Marker-assisted selection  
Molecular markers have the potential to save a great deal of time and money in backcross 
and forward breeding programs. They can be used to accelerate progress in several ways. The 
most obvious use of molecular markers is to track the presence of the mutation, but 
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molecular markers confer the ability to monitor the whole genome as well. This ability is 
useful for both backcross and forward breeding approaches. 
Marker-assisted selection in backcross breeding 
In backcross breeding, molecular markers can be used to identify individuals that carry an 
unusually large amount of the recurrent parent genome. On average, each cross to the 
recurrent parent reduces the amount of donor parent by 50%. However, in a large population 
derived from a backcross, individuals with substantially more of the recurrent parent can be 
identified using molecular markers that are distributed throughout the genome. This allows 
near-complete recovery of the recurrent parent genome in fewer generations. As the program 
progresses, more genetic loci become fixed for the recurrent parent allele and the number of 
markers can be reduced because it is not necessary to genotype loci that are known to contain 
the recurrent parent allele.  
Using molecular markers to increase the rate of recovery of the recurrent parent adds cost 
and requires laboratory equipment and skills not available to all breeders. An alternative 
method that gives a similar result is to use phenotypic selection for recurrent parent 
phenotypes in the course of backcrossing. This approach is based on the assumption that the 
plants most similar to the recurrent parent are likely to have the highest percentage of the 
recurrent parent genome. A convenient way to make crosses is to plant the recurrent parent in 
a row adjacent to the BC plants. When making crosses, simply examine the BC plants and 
select plants that are most phenotypically similar to the recurrent parent. Phenotypes that are 
easy to use are flowering date, plant height and tassel branch number. As much effort can be 
put into this process as desired. For example, thousands of plants could be evaluated for 
many different phenotypes at different developmental stages to identify the best 0.1% of the 
plants. Field space can be reduced by selecting seedlings germinated in a growth chamber 
and transplanting the selected plants to the field.  
Marker-assisted selection in forward breeding 
In forward breeding, the desired agronomic traits are often conferred by Quantitative trait 
loci (QTLs). Molecular markers can be used in connection with QTL analysis to assemble 
desired loci from either parent in the product variety. QTLs that are known prior to the study 
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can be selected for, but it is important to consider that the effect of a QTL is dependent on the 
genetic background, so that a known QTL in the elite parent may not be as favorable as the 
locus present in the donor parent. QTLs specific to the forward breeding population can be 
identified by genotyping and phenotyping the population in the course of the breeding 
program. It is important to consider that QTLs are often influenced by the environment, so it 
may be wise to carry out several generations of forward breeding with QTL identification in 
each generation prior to using molecular markers for selecting desired loci. As with 
backcross breeding, molecular markers can be used to increase the rate of inbreeding by 
identification of individuals with an unusually high proportion of homozygous loci.   
Doubled haploids  
Doubled haploid technology is used extensively in commercial breeding programs to reduce 
the number of generations needed to produce a homozygous plant. The most commonly used 
process involves making a cross to “haploid inducer line” developed for the purpose of 
producing and identifying haploid plants. Highly efficient proprietary lines have been 
developed for this purpose, although public lines with lower efficiency of haploid production 
are available as well. The chromosome complement of the haploid plants resulting from this 
cross can be doubled by chemical treatment or other means, resulting in homozygous plants. 
While this approach would not allow recovery of a specific genotype (the goal of a backcross 
breeding program), it would allow production of a large number of inbred lines that could be 
evaluated for their agronomic performance, so could be useful in a forward breeding program 
[262]. 
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Chapter 7.  Conclusions 
The studies presented in this dissertation include diverse ways that maize can be improved 
through breeding and biotechnology. There are several ways that the experiments described 
in this dissertation might be combined, as well as additional experiments that could be used 
to further evaluate the experiments that have been conducted.  
The study of the effects of ensiling time and inoculation on ensiled corn grain used as feed 
for dairy cattle has the most potential for fast application. In particular, increased duration of 
ensiling resulted in degradation of zeins, which would result in increased digestibility of 
silage. Additional studies are needed to confirm the digestibility of silage that has been 
ensiled for differing lengths of time, such as a study of feed efficiency in dairy cattle. The 
study of seed storage protein variability in teosintes and landraces will require additional 
studies to identify proteins that have an abundance of essential amino acids, followed by 
breeding or biotechnology to move the genes for those proteins into elite maize germplasm.  
The study of the iron bioavailability of maize hemoglobin was successful in showing that a 
non-symbiotic plant hemoglobin is as bioavailable as ferrous sulfate and bovine hemoglobin, 
but without an inexpensive source of plant hemoglobins, this result has little real-world 
application. Expression of maize globin in maize endosperm did result in grain that had 
significantly higher levels of bioavailable iron compared to non-transgenic grain from the 
same ear, indicating that biofortification of grain with non-symbiotic plant hemoglobins may 
be needed to make these proteins a useful source of iron. 
Additional studies are needed to determine whether heme iron is increased in the transgenic 
kernels. Currently, expression of the ZmG-GFP fusion protein is too low for reliable 
detection of heme iron with FTIR, chemiluminescence, or HPLC followed by ICP. 
Immunoprecipitation was unsuccessful in concentrating the protein, in part because the low 
protein concentration requires a large amount of material to undergo immunoprecipitation to 
result in enough concentrated protein to allow for detection of iron. There are methods that 
have not yet been used that might produce more definitive results. One option is to use 
radiolabeled iron in a whole plant or cob-only uptake experiment. The GFP marker could be 
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used to quickly identify transgene-positive kernels which could then be evaluated for 
radioactivity. However, this would only provide information on a whole kernel level. Native 
PAGE, size exclusion filtration, immunoprecipitation, or other similar method would be 
needed to separate the globin protein from other proteins. Another option would be to create 
a new construct that includes a his-tag that would be more easily purified from a gross 
protein extract. Each of these experiments has its own problems, including the expense of 
transformation and the expense and hazard of using a radioisotope. 
It would likely be easier to determine whether there is a difference in heme iron between 
ZmG-GFP and non-transgenic kernels if expression levels of ZmG-GFP were higher. 
Recurrent selection for increased fluorescence has been shown to be successful with a GFP-
only construct, indicating that recurrent selection for increased fluorescence would also result 
in higher expression of the ZmG-GFP fusion protein. 
It is well known that genetic background can affect expression levels of native genes and that 
a given gene may have different effects in different backgrounds, such as is seen with the 
opaque2 mutation in quality protein maize (QPM) lines and non-QPM lines. Similarly, there 
is evidence that there is an event by genetic background interaction that results in variable 
expression of any single event depending on what genetic background it is in. One way to 
evaluate a transgenic construct is to create several events, then backcross each event into 
multiple genetic backgrounds (Table 7.1). Selecting for the ideal background could provide 
an alternative to making and evaluating all of those backcrosses.  
Table 7.1 Event x genetic background crosses used to evaluate a transgene 
 
 
Genetic Background 
Event A B C 
1 1A 1B 1C 
2 2A 2B 2C 
3 3A 3B 3C 
4 4A 4B 4C 
5 5A 5B 5C 
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Selection for increased expression of GFP with the 27kDa gamma zein promoter resulted in 
increased expression of the 27kDa gamma zein and other zeins, and increased expression was 
present in both transgene positive and negative kernels. If the increase in zeins is due to an 
increase in transcription factor expression, then it is possible that crossing the selected 
populations with plants containing a transgene with the same promoter could result in 
increased expression of that transgene as well. Ears produced from crosses between GFP-
negative plants from the 27kDa gamma zein selected and random populations with plants 
containing other transgenes were conducted in 2010 and are undergoing evaluation. If these 
experiments prove successful, lines could be developed that have favorable agronomic 
characteristics in addition to high expression of a transgene from a certain promoter, such as 
the 27kDa gamma zein promoter. A researcher requiring high expression of a transgenic 
protein could use the same promoter, then cross plants containing that transgene to transgene 
negative plants from a high expressing line.  
Maize lines expressing GFP controlled by various promoters have been created with the goal 
of determining subcellular localization of maize proteins [102]. Lucas used one of these 
lines, containing red fluorescent protein (RFP) controlled by floury2, to show that a transgene 
could be used as a reporter of expression levels of a transcription factor with the same 
promoter when the floury2-RFP line was crossed to the Illinois high and low protein lines. 
[74]. This supports the idea that GFP could be used as a reporter to indicate which lines have 
high expression from a given promoter so lines could be chosen or selected for which would 
optimize expression from that promoter. 
The 27kD gamma zein promoter was chosen for these experiments because it is one of the 
highest expressing zeins, and has been used to drive high expression of proteins in maize 
endosperm [92,263,264] which could be useful in situations where high expression of a 
nutritional protein is desired, or where maize is to be used to produce biopharmaceudicals 
and similar products for extraction. However, there is some indication that the 27kDa gamma 
zein is an allergen in pigs [265], potentially making increased expression of the 27kDa 
gamma zein undesirable for some applications, such as biofortification. It might be desirable 
to repeat the GFP selection experiment with the promoter of a protein that has more 
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favorable qualities, such as the 10kDa delta zein, which is high in limiting amino acids and 
has not shown allergenic potential [99]. 
  
118 
Bibliography 
1. Pinto M, Robineleon S, Appay MD, Kedinger M, Triadou N, et al. (1983) Enterocyte-like differentiation and 
polarization of the human-colon carcinoma cell-line Caco-2 in culture. Biology of the Cell 47: 323-330. 
2. Mahler GJ, Shuler ML, Glahn RP (2009) Characterization of Caco-2 and HT29-MTX cocultures in an in 
vitro digestion/cell culture model used to predict iron bioavailability. Journal of Nutritional Biochemistry 
20: 494-502. 
3. Glahn RP, Lee OA, Yeung A, Goldman MI, Miller DD (1998) Caco-2 cell ferritin formation predicts 
nonradiolabeled food iron availability in an in vitro digestion Caco-2 cell culture model. Journal of Nutrition 
128: 1555-1561. 
4. (2001) Introduction to Fourier Transform Infrared Spectrometry. Thermo Nicolet. 
5. Hoy JA, Hargrove MS (2008) The structure and function of plant hemoglobins. Plant Physiology and 
Biochemistry 46: 371-379. 
6. Scheinfeld NS, Mokashi A, Lin A (2010) Protein-energy malnutrition. Medscape Reference: 1-3. 
7. Micronutrient Initiative What is hidden hunger? Retrieved 22 June 2011, from http://www.micronutrient.org/. 
8. Bryce J, Coitinho D, Darnton-Hill I, Pelletier D, Pinstrup-Andersen P (2008) Maternal and child 
undernutrition: effective action at national level. The Lancet 371: 510-526. 
9. Hempstead, R (2001) Iron deficiency anaemia assessment, prevention, and control: A guide for programme 
managers. 
10. Untoro J, Timmer A, Schultink W (2010) The challenges of iodine supplementation: a public health 
programme perspective. Best Practice & Research Clinical Endocrinology & Metabolism 24: 89-99. 
11. Mannar V, Gallego EB (2002) Iron fortification: Country level experiences and lessons learned. Journal of 
Nutrition 132: 856S-858S. 
12. Best C, Neufingerl N, Del Rosso JM, Transler C, van den Briel T, et al. (2011) Can multi-micronutrient 
food fortification improve the micronutrient status, growth, health, and cognition of schoolchildren? A 
systematic review. Nutrition Reviews 69: 186-204. 
13. Uauy R, Hertrampf E, Reddy M (2002) Iron fortification of foods: overcoming technical and practical 
barriers. Journal of Nutrition 132: 849S-852S. 
14. Thakkar SK, Huo T, Maziya-Dixon B, Failla ML (2009) Impact of Style of Processing on Retention and 
Bioaccessibility of beta-Carotene in Cassava (Manihot esculanta, Crantz). Journal of Agricultural and Food 
Chemistry 57: 1344-1348. 
15. Proulx AK, Reddy MB (2007) Fermentation and lactic acid addition enhance iron bioavailability of maize. 
Journal of Agricultural and Food Chemistry 55: 2749-2754. 
16. Bouis H, Eozenou P (2011) Food prices, household income, and resource allocation: Socioeconomic 
perspectives on their effects on dietary quality and nutritional status. Food and Nutrition Bulletin 32: S14-
S22. 
17. World Food Programme (2011) Ethiopian farmer worries how to feed his children. 
18. Cakmak I (2009) Biofortification of cereal grains with zinc by applying zinc fertilizers. Biokemisk 
Forening. pp. 1-7. 
19. Brinch-Pedersen H, Borg S, Tauris B, Holm PB (2007) Molecular genetic approaches to increasing mineral 
availability and vitamin content of cereals. Journal of Cereal Science 46: 308-326. 
  
119 
20. Alloway BJ (2008) Micronutrient deficiencies in global crop production. 353 p. 
21. Wang L, Xu C, Qu M, Zhang J (2008) Kernel amino acid composition and protein content of introgression 
lines from Zea mays ssp. mexicana into cultivated maize. Journal of Cereal Science: 387–393. 
22. Nestel P, Bouis HE, Meenakshi JV, Pfeiffer W. Biofortification of staple food crops; 2005 Apr 05; San 
Diego, CA. Amer Society Nutritional Science. pp. 1064-1067. 
23. Johns T, Eyzaguirre PB (2007) Biofortification, biodiversity and diet: A search for complementary 
applications against poverty and malnutrition. Food Policy 32: 1-24. 
24. African Agricultrual Technology Foundation (2009) Water efficient maize for Africa. 
25. Zhao F-J, Shewry PR (2011) Recent developments in modifying crops and agronomic practice to improve 
human health. Food Policy 36: S94-S101. 
26. Paine JA, Shipton CA, Chaggar S, Howells RM, Kennedy MJ, et al. (2005) Improving the nutritional value 
of Golden Rice through increased pro-vitamin A content. Nature Biotechnology 23: 482-487. 
27. Akhond MAY, Machray GC (2009) Biotech crops: technologies, achievements and prospects. Euphytica 
166: 47-59. 
28. de Benoist B, McLean, E., Egli, I. & Cogswell, M (2008) Worldwide prevalence of anaemia 1993-2005: 
WHO global database on anemia. World Health Organization. 978 92 4 159665 7 978 92 4 159665 7. 
29. de Benoist B, McLean, E., Egli, I. & Cogswell, M (2008) Worldwide prevalence of anaemia 1993-2005: 
WHO global database on anemia. World Health Organization. 
30. Hempstead R (2001) Iron Deficiency Anaemia Assessment, Prevention, and Control: A guide for 
programme managers. WHO. 
31. Lozoff B (2007) Iron deficiency and child development. Food and Nutrition Bulletin 28: S560-S571. 
32. Ekiz C, Agaoglu L, Karakas Z, Gurel N, Yalcin I (2005) The effect of iron deficiency anemia on the 
function of the immune system. Hematology Journal 5: 579-583. 
33. Munoz C, Rios E, Olivos J, Brunser O, Olivares M. Iron, copper and immunocompetence; 2007 Oct 03-05; 
Valencia, SPAIN. Cambridge Univ Press. pp. S24-S28. 
34. Stoltzfus RJ, Mullany L, Black RE (2004) Iron Deficiency Anaemia. In: Ezzati M, Lopez AD, Rodgers A, 
Murray CJL, editors. Comparative quantification of health risks: global and regional burden of disease 
attributable to selected major risk factors: WHO. pp. 163-209. 
35. Kwong WT, Friello P, Semba RD (2004) Interactions between iron deficiency and lead poisoning: 
epidemiology and pathogenesis. Science of the Total Environment 330: 21-37. 
36. Fairbanks V (1999) Iron in medicine and nutrition. In: Shils ME, Olson JA, Shike M, Ross AC, editors. 
Modern Nutrition In Health and Disease. 9 ed. Philadelphia: Lippincott Williams & Wilkins. pp. 193-221. 
37. Trumbo P, Yates AA, Schlicker S, Poos M (2001) Dietary reference intakes: Vitamin A, vitamin K, arsenic, 
boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc. 
Journal of the American Dietetic Association 101: 294-301. 
38. Sizre F, Whitney E (2003) Nutrition Concepts and Controversies. Belmont, CA: Thompson Wadsworth. 
39. Department of Nutrition for Health and Development WHO (2009) Recommendations on wheat and maize  
flour fortification. 
40. Hunt JR. Dietary and physiological factors that affect the absorption and bioavailability of iron; 2004 Oct 
04-06; Norwich, England. Verlag Hans Huber. pp. 375-384. 
  
120 
41. Jin FX, Frohman C, Thannhauser TW, Welch RM, Glahn RP (2009) Effects of ascorbic acid, phytic acid 
and tannic acid on iron bioavailability from reconstituted ferritin measured by an in vitro digestion-Caco-2 
cell model. British Journal of Nutrition 101: 972-981. 
42. Hurrell RF, Reddy MB, Juillerat MA, Cook JD (2003) Degradation of phytic acid in cereal porridges 
improves iron absorption by human subjects. American Journal of Clinical Nutrition 77: 1213-1219. 
43. Kim EY, Ham SK, Shigenaga MK, Han O (2008) Bioactive dietary polyphenolic compounds reduce 
nonheme iron transport across human intestinal cell monolayers. Journal of Nutrition 138: 1647-1651. 
44. Laparra JM, Glahn RP, Millera DD (2009) Effect of tea phenolics on iron uptake from different fortificants 
by Caco-2 cells. Food Chemistry 115: 974-981. 
45. Hurrell R (2002) Fortification: Overcoming technical and practical barriers. Journal of Nutrition 132: 806S-
812S. 
46. Hurrell RF, Reddy MB, Juillerat M, Cook JD (2006) Meat protein fractions enhance nonheme iron 
absorption in humans. Journal of Nutrition 136: 2808-2812. 
47. Zheng L, Cheng Z, Ai C, Jiang X, Bei X, et al. (2010) Nicotianamine, a novel enhancer of rice iron 
bioavailability to humans. PLoS ONE 5: e10190. 
48. Tripathi B, Platel K (2011) Iron fortification of finger millet (Eleucine coracana) flour with EDTA and folic 
acid as co-fortificants. Food Chemistry 126: 537-542. 
49. Proulx AK, Reddy MB (2006) Iron bioavailability of hemoglobin from soy root nodules using a Caco-2 cell 
culture model. Journal of Agricultural and Food Chemistry 54: 1518-1522. 
50. Hurrell R, Egli I (2007) Chapter 7: Optimizing the bioavailability of iron compounds for food fortification; 
Kraemer K, Zimmermann MB, editors: Sight and Life Press. 
51. Richins AT, Burton KE, Pahulu HF, Jefferies L, Dunn ML (2008) Effect of iron source on color and 
appearance of micronutrient-fortified corn flour tortillas. Cereal Chemistry 85: 561-565. 
52. Zhao F-J, McGrath SP (2009) Biofortification and phytoremediation. Current Opinion in Plant Biology 12: 
373-380. 
53. Ortiz-Monasterio JI, Palacios-Rojas N, Meng E, Pixley K, Trethowan R, et al. (2007) Enhancing the mineral 
and vitamin content of wheat and maize through plant breeding. Journal of Cereal Science 46: 293-307. 
54. Hoekenga OA, Lung'aho MG, Tako E, Kochian LV, Glahn RP (2011) Iron biofortification of maize grain. 
Plant Genetic Resources: 327-329. 
55. Doria E, Galleschi L, Calucci L, Pinzino C, Pilu R, et al. (2009) Phytic acid prevents oxidative stress in 
seeds: evidence from a maize (Zea mays L.) low phytic acid mutant. Journal of Experimental Botany 60: 
967-978. 
56. Drakakaki G, Marcel S, Glahn RP, Lund EK, Pariagh S, et al. (2005) Endosperm-specific co-expression of 
recombinant soybean ferritin and Aspergillus phytase in maize results in significant increases in the levels of 
bioavailable iron. Plant Molecular Biology 59: 869-880. 
57. Duarte RT, Simoes MCC, Sgarbieri VC (1999) Bovine blood components: Fractionation, composition, and 
nutritive value. Journal of Agricultural and Food Chemistry 47: 231-236. 
58. Mäurer A, Schumann K (2000) Abbatoir blood used in foods: An example of nutrition-environment 
interaction. Standing Committee on Nutrition News. 
59. Aurora Borealis Control (2011) Hemoglobin Controls. Schoonebeek, Netherlands. 
  
121 
60. Cornah JE, Roper JM, Singh DP, Smith AG (2002) Measurement of ferrochelatase activity using a novel 
assay suggests that plastids are the major site of haem biosynthesis in both photosynthetic and non-
photosynthetic cells of pea (Pisum sativum L.). Biochemical Journal 362: 423-432. 
61. Hoy JA, Robinson H, Trent JT, Kakar S, Smagghe BJ, et al. (2007) Plant hemoglobins: A molecular fossil 
record for the evolution of oxygen transport. Journal of Molecular Biology 371: 168-179. 
62. Igamberdiev AU, Baron K, Manac'h-Little N, Stoimenova M, Hill RD (2005) The haemoglobin/nitric oxide 
cycle: Involvement in flooding stress and effects on hormone signalling. Annals of Botany 96: 557-564. 
63. Zhao L, Gu RL, Gao P, Wang GY (2008) A nonsymbiotic hemoglobin gene from maize, ZmHb, is involved 
in response to submergence, high-salt and osmotic stresses. Plant Cell Tissue and Organ Culture 95: 227-
237. 
64. Dordas C, Hasinoff BB, Rivoal J, Hill RD (2004) Class-1 hemoglobins, nitrate and NO levels in anoxic 
maize cell-suspension cultures. Planta 219: 66-72. 
65. Caulfield LE, de Onis M, Blössner M, Black RE (2004) Undernutrition as an underlying cause of child 
deaths associated with diarrhea, pneumonia, malaria, and measles. American Journal of Clinical Nutrition 
80: 193-198. 
66. WHO Working Group (1986) Use and interpretation of anthropometric indicators of nutritional status. 
Bulletin of the WHO 64: 929-941. 
67. WHO Department of Nutrition for Health and Development (2011) Estimated numbers (in million) of 
underweight preschool children 1990-2020 with 95% confidence intervals by UN regions and subregions. 
68. WHO Department of Nutrition for Health and Development (2011) Estimated prevalence of underweight 
preschool children 1990-2020 with 95% confidence intervals by UN regions and subregions. 
69. Nuss ET, Tanumihardjo SA (2011) Quality protein maize for Africa: Closing the protein inadequacy gap in 
vulnerable populations. Advances in Nutrition 2: 217-224. 
70. WHO/FAO/UNU Expert Consultation (2007) Protein and amino acid requirements in human nutrition. 
WHO Technical Report Series. 
71. Harper AE (1960) Amino acid balance and imbalance. Journal of Nutrition. 
72. Kurpad AV, Regan MM, Nazareth D, Nagaraj S, Gnanou J, et al. (2003) Intestinal parasites increase the 
dietary lysine requirement in chronically undernourished Indian men. American Journal of Clinical Nutrition 
78: 1145-1151. 
73. Moose SP, Dudley JW, Rocheford TR (2004) Maize selection passes the century mark: a unique resource 
for 21st century genomics. Trends in Plant Science 9: 358-364. 
74. Lucas CJ (2010) Regulation of floury2-mRFP expression in response to long term selection for grain protein 
oncentration in maize: University of Illinois at Urbana-Champaign. 1-77 p. 
75. Scott M, Edwards J, Bell C, Schussler J (2006) Grain composition and amino acid content in maize cultivars 
representing 80 years of commercial maize varieties. Maydica: 417-423. 
76. Zarkadas C, Yu Z, Hamilton R (1995) Comparison between the protein quality of northern adapted cultivars 
of common maize and quality protein maize. Journal of Agricultural and Food Chemistry 43: 84-93. 
77. Paulis J, Wall J (1977) Comparison of the protein compositions of selected corns and their wild relatives, 
teosinte and Tripsacum. Journal of Agricultural and Food Chemistry: 265–270. 
78. Bianchi M, Viotti A (1988) DNA methylation and tissue-specific transcription of the storage protein genes 
of maize. Plant Molecular Biology: 203-214. 
  
122 
79. Larkins BA, Pedersen K, Marks MD, Wilson DR (1984) The zein proteins of maize endosperm. Trends in 
Biochemical Sciences 9: 306-308. 
80. Kawakatsu T, Takaiwa F (2010) Cereal seed storage protein synthesis: fundamental processes for 
recombinant protein production in cereal grains. Plant Biotechnology Journal. 
81. Bhattramakki D, Sachs MM, Kriz AL (1996) Expression of genes encoding globulin and prolamin storage 
proteins in kernels of Illinois long term chemical selection strains. Crop Science 36: 1029-1036. 
82. Wilson C (1991) Multiple zeins from maize endosperms characterized by reversed-phase high-preformance 
liquid-chromatography. Plant Physiology 95: 777-786. 
83. Lending CR, Wallace JC, Larkins BA (1992) Synthesis of Zeins and their Potential for Amino Acid 
Modification; Shewry PR, Gutteridge S, editors: Cambridge University Press. 209-218 p. 
84. Mu-Forster C, Wasserman BP (1998) Surface localization of zein storage proteins in starch granules from 
maize endosperm: proteolytic removal by thermolysin and in vitro cross-linking of granule-associated 
polypeptides. Plant Physiology 116: 1563-1571. 
85. Flint-Garcia SA, Bodnar AL, Scott MP (2009) Wide variability in kernel composition, seed characteristics, 
and zein profiles among diverse maize inbreds, landraces, and teosinte. Theoretical and Applied Genetics 
119: 1129-1142. 
86. Buchanan B, Gruissem W, Jones R (2000) Biochemistry &molecular biology of plants. Rockville, MD: 
American Society Plant Physiology. 
87. Allen M, Longuski R (2008) Endosperm type of dry ground corn grain affects ruminal and total tract 
digestion of starch in lactating dairy cows. 
88. Lopes JC, Shaver RD, Hoffman PC, Akins MS, Bertics SJ, et al. (2009) Type of corn endosperm influences 
nutrient digestibility in lactating dairy cows. Journal Of Dairy Science 92: 4541-4548. 
89. Krivanek A, De Groote H, Gunaratna N, Diallo A, Friesen D (2007) Breeding and disseminating quality 
protein maize (QPM) for Africa. African Journal of Biotechnology 6: 312-324. 
90. Holding D, Larkins B (2006) The development and importance of zein protein bodies in maize endosperm. 
Maydica: 243-254. 
91. Wu Y, Holding DR, Messing J (2010) Gamma-zeins are essential for endosperm modification in quality 
protein maize. Proceedings of the National Academy of Sciences 107: 12810-12815. 
92. Shepherd CT, Vignaux N, Peterson JM, Johnson LA, Scott MP (2008) Green fluorescent protein as a tissue 
marker in transgenic maize seed. Cereal Chemistry 85: 188-195. 
93. Southward CM, Surette MG (2002) The dynamic microbe: green fluorescent protein brings bacteria to light. 
Molecular Microbiology 45: 1191-1196. 
94. Chalfie M, Tu Y, Euskirchen G, Ward W, Prasher D (1994) Green fluorescent protein as a marker for gene 
expression. Science 263: 802-805. 
95. Richards HA, Halfhill MD, Millwood RJ, Stewart CN (2003) Quantitative GFP fluorescence as an indicator 
of recombinant protein synthesis in transgenic plants. Plant Cell Reports 22: 117-121. 
96. Morise H, Shimomura O, Johnson FH, Winant J (1974) Intermolecular energy transfer in the 
bioluminescent system of Aequorea. Biochemistry 13: 2656-2662. 
97. Galbraith D (2004) The rainbow of fluorescent proteins. Methods in Cell Biology. 
98. Chiu W, Niwa Y, Zeng W, Hirano T, Kobayashi H, et al. (1996) Engineered GFP as a vital reporter in 
plants. Current biology : CB 6: 325-330. 
  
123 
99. Bettati S, Pasqualetto E, Lolli G, Campanini B, Battistutta R (2011) Structure and single crystal 
spectroscopy of Green Fluorescent Proteins. Proteins and Proteomics 1814: 824-833. 
100. Stuitje AR, Verbree EC, Linden KHvd, Mietkiewska EM, Nap J-P, et al. (2003) Seed-expressed 
fluorescent proteins as versatile tools for easy (co)transformation and high-throughput functional genomics 
in Arabidopsis. Plant Biotechnology Journal 1: 301-309. 
101. Shepherd CT, Vignaux N, Peterson JM, Scott MP, Johnson LA (2008) Dry-milling and fractionation of 
transgenic maize seed tissues with green fluorescent protein as a tissue marker. Cereal Chemistry 85: 196-
201. 
102. Mohanty A, Luo A, DeBlasio S, Ling X, Yang Y, et al. (2008) Advancing cell biology and functional 
genomics in maize using fluorescent protein-tagged lines. Plant Physiology 149: 601-605. 
103. Mohanty A, Yang Y, Luo A, Sylvester AW, Jackson D, et al., editors (2009) Methods in Molecular 
Biology. Totowa, NJ: Humana Press. 71-89 p. 
104. van der Geest AHM, Petolino JF (1998) Expression of a modified green fluorescent protein gene in 
transgenic maize plants and progeny. Plant Cell Reports 17: 760-764. 
105. Scott MP, Darrigues A, Stahly TS, Lamkey K (2008) Recurrent selection to alter grain methionine 
concentration and improve nutritional value of maize. Crop Science 48: 1705-1713. 
106. Prasanna BM, Vasal SK, Kassahun B, Singh NN (2001) Quality protein maize. Current Science 81: 1308-
1319. 
107. Suneson C (1956) An evolutionary plant breeding method. Agronomy Journal 48: 188. 
108. Suneson C (1969) Evolutionary plant breeding. Crop Science 9: 119-121. 
109. Carena MJ, Yang J, Caffarel JC, Mergoum M, Hallauer AR (2009) Do different production environments 
justify separate maize breeding programs? Euphytica 169: 141-150. 
110. Smith S, Loffler C, Cooper M (2006) Genetic diversity among maize hybrids widely grown in contrasting 
regional environments in the United States during the 1990s. Maydica. 
111. Finckh M (2008) Integration of breeding and technology into diversification strategies for disease control 
in modern agriculture. European Journal of Plant Pathology 121: 399-409. 
112. Wood D, Lenné J (2001) Nature's fields: a neglected model for increasing food production. Outlook on 
Agriculture 30: 161-170. 
113. Murphy K, Lammer D, Lyon S, Carter B, Jones S (2007) Breeding for organic and low-input farming 
systems: An evolutionary–participatory breeding method for inbred cereal grains. Renewable Agriculture 
and Food Systems 20: 48-55. 
114. Wolfe M, Baresel J, Desclaux D, Goldringer I, Hoad S, et al. (2008) Developments in breeding cereals for 
organic agriculture. Euphytica 163: 323-346. 
115. Phillips SL, Wolfe MS (2005) Evolutionary plant breeding for low input systems. The Journal of 
Agricultural Science 143: 245-254. 
116. Ceccarelli S, Grando S, Maatoughi M, Michael M, Slash M, et al. (2010) Plant breeding and climate 
changes. The Journal of Agricultural Science 148: 627-637. 
117. Suneson C, Ramage R, Hoyle B (1963) Compatibility of evolutionary and mutation breeding methods. 
Euphytica 12: 90-92. 
118. Liu D (2009) Design of gene constructs for transgenic maize. Methods of Molecular Biology 526: 3-20. 
  
124 
119. Zeller S, Kalinina O, Brunner S, Keller B, Schmid B (2010) Transgene × environment interactions in 
genetically modified wheat. PLoS ONE. 
120. Visarada KBRS, Meena K, Aruna C, Srujana S, Saikishore N, et al. (2009) Transgenic breeding: 
Perspectives and prospects. Crop Science 49: 1555-1563. 
121. Zhong G (2001) Genetic issues and pitfalls in transgenic plant breeding. Euphytica 118: 137-144. 
122. Stoltzfus RJ (2003) Iron deficiency: global prevalence and consequences. Food and Nutrition Bulletin 24: 
S99-103. 
123. Bouis HE (2003) Micronutrient fortification of plants through plant breeding: Can it improve nutrition in 
man at low cost? Proceedings of the Nutrition Society 62: 403-411. 
124. Gomez-Galera S, Rojas E, Sudhakar D, Zhu C, Pelacho AM, et al. (2010) Critical evaluation of strategies 
for mineral fortification of staple food crops. Transgenic Research 19: 165-180. 
125. White P, Broadley M (2005) Biofortifying crops with essential mineral elements. Trends in Plant Science 
10: 586-593. 
126. Raboy V, Gerbasi PF, Young KA, Stoneberg SD, Pickett SG, et al. (2000) Origin and seed phenotype of 
maize low phytic acid 1-1 and low phytic acid 2-1. Plant Physiology 124: 355-368. 
127. Mendoza C, Viteri F, Lonnerdal B (2001) Absorption of iron from unmodified maize and genetically 
altered, low-phytate maize fortified with ferrous sulfate or sodium iron EDTA. American Journal of Clinical 
Nutrition. 
128. Mendoza C, Viteri FE, Lonnerdal B, Young KA, Raboy V, et al. (1998) Effect of genetically modified, 
low-phytic acid maize on absorption of iron from tortillas. American Journal of Clinical Nutrition 68: 1123-
1127. 
129. Pilu R, Landoni M, Cassani E, Doria E (2005) The maize lpa241 mutation causes a remarkable variability 
of expression and some pleiotropic effects. Crop Science. 
130. Oikeh S, Menkir A, Maziya-Dixon B, Welch R, Glahn R (2003) Genotypic differences in concentration 
and bioavailability of kernel-iron in tropical maize varieties grown under field conditions. Journal of Plant 
Nutrition: 2307–2319. 
131. Murray-Kolb L, Takaiwa F, Goto F (2002) Transgenic rice is a source of iron for iron-depleted rats. 
Journal of Nutrition. 
132. Lonnerdal B, Bryant A (2006) Absorption of iron from recombinant human lactoferrin in young US 
women. American Journal of Clinical Nutrition 83: 305-309. 
133. Chen RM, Xue GX, Chen P, Yao B, Yang WZ, et al. (2008) Transgenic maize plants expressing a fungal 
phytase gene. Transgenic Research 17: 633-643. 
134. Rommens C (2007) Intragenic crop improvement: combining the benefits of traditional breeding and 
genetic engineering. Journal of Agricultural and Food Chemistry 55: 4281-4288. 
135. Haller T (2009) Apples compared to apples: attitudes towards cisgenic and transgenic breeds. 
Agrarwirtschaft und Agrarsoziologie: 3-34. 
136. Onyango B (2004) Consumer acceptance of nutritionally enhanced genetically modified food: Relevance 
of gene transfer technology. Journal of Agricultural and Resource Economics. 
137. Lynch SR, Dassenko SA, Morck TA, Beard JL, Cook JD (1985) Soy protein products and heme iron 
absorption in humans. American Journal of Clinical Nutrition 41: 13-20. 
  
125 
138. Kundu S, Trent JT, III, Hargrove MS (2003) Plants, humans and hemoglobins. Trends in Plant Science 8: 
387-393. 
139. Arechaga-Ocampo E, Saenz-Rivera J, Sarath G, Klucas RV, Arredondo-Peter R (2001) Cloning and 
expression analysis of hemoglobin genes from maize (Zea mays ssp. mays) and teosinte (Zea mays ssp. 
parviglumis). Biochim Biophys Acta 1522: 1-8. 
140. Cho M, Ha C (2000) Production of transgenic tall fescue and red fescue plants by particle bombardment of 
mature seed-derived highly regenerative tissues. Plant Cell Reports. 
141. Bendtsen JD, Nielsen H, von Heijne G, Brunak S (2004) Improved prediction of signal peptides: SignalP 
3.0. Journal of Molecular Biology 340: 783-795. 
142. Frame BR, Zhang H, Cocciolone SM, Sidorenko LV, Dietrich CR, et al. (2000) Production of transgenic 
maize from bombarded Type II callus: Effect of gold particle size and callus morphology on transformation 
efficiency. In Vitro Cellular and Developmental Biology - Plant 36: 21-29. 
143. Gordon-Kamm WJ, Spencer TM, Mangano ML, Adams TR, Daines RJ, et al. (1990) Transformation of 
Maize Cells and Regeneration of Fertile Transgenic Plants. Plant Cell 2: 603-618. 
144. Smagghe BJ, Sarath G, Ross E, Hilbert JL, Hargrove MS (2006) Slow ligand binding kinetics dominate 
ferrous hexacoordinate hemoglobin reactivities and reveal differences between plants and other species. 
Biochemistry 45: 561-570. 
145. Kundu S, Blouin GC, Premer SA, Sarath G, Olson JS, et al. (2004) Tyrosine B10 inhibits stabilization of 
bound carbon monoxide and oxygen in soybean leghemoglobin. Biochemistry 43: 6241-6252. 
146. Hernandez M, Sousa V, Villalpando S, Moreno A, Montalvo I, et al. (2006) Cooking and Fe fortification 
have different effects on Fe bioavailability of bread and tortillas. Journal of the American College of 
Nutrition 25: 20-25. 
147. Jovaní M, Barberá R, Farré R, Martín de Aguilera E (2001) Calcium, iron, and zinc uptake from digests of 
infant formulas by Caco-2 cells. Journal of Agricultural and Food Chemistry 49: 3480-3485. 
148. Bejjani S, Pullakhandam R, Punjal R, Nair KM (2007) Gastric digestion of pea ferritin and modulation of 
its iron bioavailability by ascorbic and phytic acids in Caco-2 cells. World Journal of Gastroenterology 13: 
2083-2088. 
149. Shayeghi M, Latunde-Dada GO, Oakhill JS, Laftah AH, Takeuchi K, et al. (2005) Identification of an 
intestinal heme transporter. Cell 122: 789-801. 
150. Richards H, Han C-T, Hopkins R, Failla M, Ward William W, et al. (2003) Safety assesment of 
recombinant green flourescent protien orally administered to weaned rats. Journal of Nutrition 133: 1909-
1912. 
151. Drakakaki G, Marcel S, Arcalis E, Altmann F, Gonzalez-Melendi P, et al. (2006) The intracellular fate of a 
recombinant protein is tissue dependent. Plant Physiology 141: 578-586. 
152. Holmberg N, Lilius G, Bailey JE, Bülow L (1997) Transgenic tobacco expressing Vitreoscilla hemoglobin 
exhibits enhanced growth and altered metabolite production. Nature Biotechnology 15: 244-247. 
153. Vigeolas H, Huhn D, Geigenberger P (2011) Non-symbiotic hemoglobin-2 leads to an elevated energy 
state and to a combined increase in polyunsaturated fatty acids and total oil content when over-expressed in 
developing seeds of transgenic Arabidopsis plants. Plant Physiology: 1-10. 
154. Masuda T, Suzuki T, Shimada H, Ohta H, Takamiya K (2003) Subcellular localization of two types of 
ferrochelatase in cucumber. Planta 217: 602-609. 
  
126 
155. van Lis R, Atteia A, Nogaj LA, Beale SI (2005) Subcellular localization and light-regulated expression of 
protoporphyrinogen IX oxidase and ferrochelatase in Chlamydomonas reinhardtii. Plant Physiology 139: 
1946-1958. 
156. Hebelstrup KH, Igamberdiev AU, Hill RD (2007) Metabolic effects of hemoglobin gene expression in 
plants. Gene 398: 86-93. 
157. de Leon N, Coors J (2002) Twenty-four cycles of mass selection for prolificacy in the Golden Glow maize 
population. Crop Science 42: 325-333. 
158. Hallauer AR, Ross AJ, Lee M (2004) Long-term divergent selection for ear length in maize. Plant 
Breeding Reviews 24: 153-168. 
159. Tracy W, Chang Y (2007) Effects of divergent selection for endosperm appearance in a sugary1 maize 
population. Maydica 52: 71. 
160. Wilson CM (1991) Multiple Zeins from Maize Endosperms Characterized by Reversed-Phase High 
Performance Liquid Chromatography. Plant physiol 95: 777-786. 
161. Thompson GA, Larkins BA (1989) Structural elements regulating zein gene expression. BioEssays 10: 
108-113. 
162. Basso CF, Hurkman MM, Riedeman ES, Tracy WF (2008) Divergent selection for vegetative phase 
change in maize and indirect effects on response to Puccinia sorghi. Crop Science 48: 992. 
163. SAS Institute Inc. (2008) JMP Version 8. Cary, NC. 
164. Eberhart SA (1964) Least squares method for comparing progress among recurrent selection methods. 
Crop Science 4: 230-231. 
165. Wang ZD, Ueda T, Messing J (1998) Characterization of the maize prolamin box-binding factor-1 (PBF-1) 
and its role in the developmental regulation of the zein multigene family. Gene 223: 321-332. 
166. Coleman CE, Herman EM, Takasaki K, Larkins BA (1996) The maize gamma-zein sequesters alpha-zein 
and stabilizes its accumulation in protein bodies of transgenic tobacco endosperm. Plant Cell 8: 2335-2345. 
167. Lopes MA, Larkins BA (1991) Gamma-zein content is related to endosperm modification in quality 
protein maize. Crop sci 31: 1655-1662. 
168. Matsuoka Y, Vigouroux Y, Goodman MM, Sanchez G J, Buckler E, et al. (2002) A single domestication 
for maize shown by multilocus microsatellite genotyping. PNAS 99: 6080-6084. 
169. Ducrocq S, Madur D, Veyrieras J-B, Camus-Kulandaivelu L, Kloiber-Maitz M, et al. (2008) Key impact of 
Vgt1 on flowering time adaptation in maize: evidence from association mapping and ecogeographical 
information. Genetics 178: 2433-2437. 
170. Yamasaki M, Tenaillon MI, Bi IV, Schroeder SG, Sanchez-Villeda H, et al. (2005) A large-scale screen for 
artificial selection in maize identifies candidate agronomic loci for domestication and crop improvement. 
Plant Cell 17: 2859-2872. 
171. Doebley J (2004) The genetics of maize evolution. Annual Review of Genetics 38: 37–59. 
172. Doebley J, Stec A, Gustus C (1995) teosinte branched1 and the origin of maize: evidence for epistasis and 
the evolution of dominance. Genetics 141: 333-346. 
173. Dorweiler J, Stec A, Kermicle J, Doebley J (1993) Teosinte glume architecture 1: A Genetic Locus 
Controlling a Key Step in Maize Evolution. Science (New York, NY) 262: 233-235. 
174. Wright SI, Bi IV, Schroeder SG, Yamasaki M, Doebley JF, et al. (2005) The effects of artificial selection 
on the maize genome. Science (New York, NY) 308: 1310-1314. 
  
127 
175. Watson S (2003) Description, development, structure, and composition of the corn kernel. Corn: chemistry 
and technology. 
176. Song RT, Llaca V, Linton E, Messing J (2001) Sequence, regulation, and evolution of the maize 22-kD 
alpha zein in gene family. Genome Research 11: 1817-1825. 
177. Song R, Messing J (2002) Contiguous genomic DNA sequence comprising the 19-kD zein gene family 
from maize. Plant Physiology 130: 1626-1635. 
178. Wilson DR, Larkins BA (1984) Zein gene organization in maize and related grasses. Journal of Molecular 
Evolution 20: 330-340. 
179. Woo YM, Hu DWN, Larkins BA, Jung R (2001) Genomics analysis of genes expressed in maize 
endosperm identifies novel seed proteins and clarifies patterns of zein gene expression. Plant Cell 13: 2297-
2317. 
180. Melcher U (1980) Methionine-rich protein fraction prepared by cryoprecipitation from extracts of corn 
meal. Journal of Agricultural and Food Chemistry: 1334–1336. 
181. Sodek L (1971) Amino acid compositions of proteins isolated from normal, opaque-2, and floury-2 corn 
endosperms by a modified Osborne procedure. Journal of Agricultural and Food Chemistry: 1144–1150. 
182. Phillips R, Suresh J, Olsen M (2008) Registration of high-methionine versions of maize inbreds A632, 
B73, and Mo17. Journal of Plant Registrations: 243–245. 
183. Huang S, Adams WR, Zhou Q, Malloy KP, Voyles DA, et al. (2004) Improving nutritional quality of 
maize proteins by expressing sense and antisense zein genes. Journal of Agricultural and Food Chemistry. 
184. Huang S, Kruger DE, Frizzi A, D&apos;Ordine RL, Florida CA, et al. (2005) High-lysine corn produced 
by the combination of enhanced lysine biosynthesis and reduced zein accumulation. Plant Biotechnology 
Journal 3: 555-569. 
185. Lai JS, Messing J (2002) Increasing maize seed methionine by mRNA stability. Plant Journal 30: 395-402. 
186. Xiao J, Li J, Grandillo S, Ahn SN, Yuan L, et al. (1998) Identification of trait-improving quantitative trait 
loci alleles from a wild rice relative, Oryza rufipogon. Genetics 150: 899-909. 
187. Whitt SR, Wilson LM, Tenaillon MI, Gaut BS, Buckler ES (2002) Genetic diversity and selection in the 
maize starch pathway. PNAS 99: 12959-12962. 
188. Swarup S, Timmermans M, Chaudhuri S, Messing J (1995) Determinants of the high‐methionine trait in 
wild and exotic germplasm may have escaped selection during early cultivation of maize. Plant Journal: 
359–368. 
189. Hamblin MT, Casa AM, Sun H, Murray SC, Paterson AH, et al. (2006) Challenges of detecting directional 
selection after a bottleneck: lessons from Sorghum bicolor. Genetics 173: 953-964. 
190. Hyten DL, Song Q, Zhu Y, Choi I-Y, Nelson RL, et al. (2006) Impacts of genetic bottlenecks on soybean 
genome diversity. PNAS 103: 16666-16671. 
191. Tang T, Lu J, Huang J, He J, McCouch SR, et al. (2006) Genomic variation in rice: genesis of highly 
polymorphic linkage blocks during domestication. PLoS Genetics 2: e199. 
192. Horvitz W (2005) Official Methods of Analysis: AOAC International. 437 p. 
193. SAS Institute Inc. (2008) SAS. Cary, NC. 
194. Kaiser H (1960) The application of electronic computers to factor analysis. Educational and psychological 
measurement. 
  
128 
195. Bjarnason M, Vasal SK (1992) Breeding of Quality Protein Maize (QPM). Plant Breeding Reviews 9: 181-
216. 
196. Hopkins CG (1899) Improvement in the chemical composition of the corn kernel. Illinois Agricultural 
Experimentation Station Bulletin 55: 205-240. 
197. Pollmer WG, Eberhard D, Klein D, Dhillon BS (1978) Studies on maize hybrids involving inbred lines 
with varying protein content. 
198. Rossi V, Hartings H, Thompson R (2001) Genetic and molecular approaches for upgrading starch and 
protein fractions in maize kernels. Genetika: 147–158. 
199. Clark RM, Linton E, Messing J, Doebley JF (2004) Pattern of diversity in the genomic region near the 
maize domestication gene tb1. Proceedings Of The National Academy Of Sciences Of The United States Of 
America 101: 700-707. 
200. Wang RL, Stec A, Hey J, Lukens L, Doebley J (1999) The limits of selection during maize domestication. 
Nature: 236–239. 
201. Focke W (1881) Die pflanzen-mischlinge: ein beitrag zur biologie der gewächse. ein beitrag zur biologie 
der gewächse: 569. 
202. Webber H (1900) Xenia, or the immediate effect of pollen, in maize. USDA Bulletin: 1–44. 
203. Curtis J, Hubbard A, Earle J (1956) Effect of the pollen parent on oil content of the corn kernel. Agronomy 
Journal 48: 551–555. 
204. Bulant C, Gallais A (1998) Xenia effects in maize with normal endosperm: I. Importance and stability. 
Crop Science 38. 
205. Bulant C, Gallais A, Matthys-Rochon E (2000) Xenia effects in maize with normal endosperm: II. Kernel 
growth and enzyme activities during grain filling. Crop Science. 
206. Dudley J (2007) From means to QTL: The Illinois long-term selection experiment as a case study in 
quantitative genetics. Crop Science 47: S20–S31. 
207. Bjarnason M (1972) The maize germ: its role as a contributing factor to protein quantity and quality.  68: 
83-89. 
208. Swarup S, Timmermans MCP, Chaudhuri S, Messing J (1995) Determinants of the high-methionine trait in 
wild and exotic germplasm may have escaped selection during early cultivation of maize. Plant Journal 8: 
359-368. 
209. Song RT, Messing J (2003) Gene expression of a gene family in maize based on noncollinear haplotypes. 
PNAS 100: 9055-9060. 
210. Thompson GA, Siemieniak DR, Sieu LC, Slightom JL, Larkins BA (1992) Sequence analysis of linked 
maize 22 kDa alpha-zein genes. Plant Molecular Biology 18: 827-833. 
211. Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ, et al. (2009) The genetic architecture of 
maize flowering time. Science 325: 714-718. 
212. McMullen MD, Kresovich S, Villeda HS, Bradbury P, Li H, et al. (2009) Genetic properties of the maize 
nested association mapping population. Science (New York, NY) 325: 737-740. 
213. Yu J, Arbelbide M, Bernardo R (2005) Power of in silico QTL mapping from phenotypic, pedigree, and 
marker data in a hybrid breeding program. Theoretical and Applied Genetics 110: 1061-1067. 
214. Pollak L (2003) The history and success of the public-private project on germplasm enhancement of maize 
(GEM). Advances in Agronomy: 45–87. 
  
129 
215. Briggs WH, McMullen MD, Gaut BS, Doebley J (2007) Linkage mapping of domestication loci in a large 
maize teosinte backcross resource. Genetics 177: 1915-1928. 
216. Owens D, McGee M, Boland T, O'Kiely P (2009) Rumen fermentation, microbial protein synthesis, and 
nutrient flow to the omasum in cattle offered corn silage, grass silage, or whole-crop wheat. Journal of 
Animal Science 87: 658-668. 
217. Hamaker BR, Mohamed AA, Habben JE, Huang CP, Larkins BA (1995) Efficient procedure for extracting 
maize and sorghum kernel proteins reveals higher prolamin contents than the conventional method. Cereal 
Chemistry 72: 583-588. 
218. Philippeau C, Landry J, Michalet Doreau B (2000) Influence of the protein distribution of maize 
endosperm on ruminal starch degradability. Journal of Agricultural and Food Chemistry 80: 404-498. 
219. Correa CES, Shaver RD, Pereira MN, Lauer JG, Kohn K (2002) Relationship between corn vitreousness 
and ruminal in situ starch degradability. Journal Of Dairy Science 85: 3008-3012. 
220. Ngonyamo-Majee D, Shaver R, Coors J, Sapienza D, Lauer J (2008) Relationships between kernel 
vitreousness and dry matter degradability for diverse corn germplasm:: II. Ruminal and post-ruminal 
degradabilities. Animal Feed Science 142: 259–274. 
221. Baron VS, Stevenson KR, Buchanan-Smith JG (1986) Proteolysis and fermentation of corn-grain ensiled 
at several moisture levels and under several simulated storage methods. Canadian Journal of Animal Science 
66: 451–461. 
222. Philippeau C, Landry J, Michalet Doreau B (1998) Influence of the biochemical and physical 
characteristics of the maize grain on ruminal starch degradation. Journal of Agricultural and Food Chemistry 
46: 4287-4291. 
223. Jurjanz S, Monteils V (2005) Ruminal degradability of corn forages depending on the processing method 
employed. Animal Research 3: 15–23. 
224. Firkins J, Eastridge M, St-Pierre N, Noftsger SM (2001) Effects of grain variability and processing on 
starch utilization by lactating dairy cattle. Journal of Animal Science 79: E218– E238. 
225. Baker S, Herrman T (2002) Evaluating particle size. Kansas State University Agricultural Experiment 
Station and Co-operative Extension Service. 
226. AOAC (1990) Official Methods of Analysis. 15th ed Association of Official Analytical Chemists. 
Arlington, VA. 
227. Ehrman T (1996) Determination of starch in biomass samples by chemical solubilization and enzymatic 
digestion. Washington, DC: US Department of Energy, National Bioenergy Center. 
228. Goering K, Van Soest PJ (1970) Forage fiber analyses (apparatus, reagents, procedures, and some 
applications). Washington, DC: ARS USDA. 
229. Mertens D (1992) Critical conditions in determining detergent fibers. Proceedings of the National Forage 
Testing Assocation Forage Analytics Workshop. Omaha, NE: Natl. Forage Testing Association. pp. C1. 
230. Krishnamoorthy V, Sniffen C, Stern M (1983) Evaluation of a rumen mathematical model and in vitro 
simulated proteolysis to estimate the undegraded dietary nitrogen content of the feedstuff. British Journal of 
Nutrition 55: 555–568. 
231. Larson J, Hoffman P (2008) A method to quantify prolamin proteins in corn that are negatively related to 
starch digestibility in ruminants. Journal Of Dairy Science 9: 4834–4839. 
  
130 
232. Coblentz W, Hoffman PC (2009) Effects of spontaneous heating on fiber composition, fiber digestibility, 
and in situ disappearance kinetics of neutral detergent fiber for alfalfa-orchardgrass hays. Journal Of Dairy 
Science 92: 2875–2895. 
233. AOAC (1998) Official Methods of Analysis. 16th ed, 4th rev Association of Official Analytical Chemists. 
Gaithersburg, MD. 
234. van Soest PJ, Robertson JB, Lewis BA (1991) Methods for dietary fiber, neutral detergent fiber, and 
nonstarch polysaccharides in relation to animal nutrition. Journal Of Dairy Science 74: 3583-3597. 
235. Hoffman PC, Ngonyamo-Majee D, Shaver RD (2010) Determination of corn hardness in diverse corn 
germplasm using near-infrared reflectance baseline shift as a measure of grinding resistance. Journal Of 
Dairy Science 93: 1685-1689. 
236. Birth G, Hecht HG (1987) The physics of near-infrared reflectance. Near-Infrared Technology in the 
Agricultural and Food Industries. St. Paul, MN: American Association of Cereal Chemists. 
237. Hruschka W (1987) Data analysis: Wavelength selection methods. Near-Infrared Technology in the 
Agricultural and Food Industries. St. Paul, MN: American Association of Cereal Chemists. pp. 35–53. 
238. Bietz J (1983) Separation of cereal proteins by reversed-phase high-performance liquid chromatography. 
Journal of Chromatography 255: 219-238. 
239. Littell R, Milliken G, Stroup W, Wolfinger R (1996) SAS System for Mixed Models. Cary, NC: SAS 
Institute Inc. 
240. Kung L, Schmidt R, Ebling TE, Hu W (2007) The effect of Lactobacillus buchneri 40788 on the 
fermentation and aerobic stability of ground and whole high-moisture corn. Journal Of Dairy Science 90: 
2309–2314. 
241. Landry J, Delhaye S, Damerval C (2000) Improved method for isolating and quantitating alpha-amino 
nitrogen as nonprotein, true protein, salt-soluble proteins, zeins, and true glutelins in maize endosperm. 
Cereal Chemistry 77: 620-626. 
242. Newbold J, Lewis E, Lavrijssen J, Brand H, Vedder H, et al. (2006) Effect of storage time on ruminal 
starch degradability in corn silage.  89: 190. 
243. Benton J, Klopfenstein T, Erikson G (2005) Effects of corn moisture and length of ensiling on dry matter 
digestibility and rumen degradable protein. Nebraska Beef Cattle Reports: 31-33. 
244. Philippeau C, Michalet Doreau B (1998) Influence of genotype and ensiling of corn grain on in situ 
degradation of starch in the rumen. Journal Of Dairy Science 81: 2178-2184. 
245. Lawton J (2002) Zein: A history of processing and use. Cereal Chemistry 79: 1–18. 
246. Vierstra RD (1996) Proteolysis in plants: mechanisms and functions. Plant Molecular Biology 32: 275-
302. 
247. Ohshima M, McDonald P (1978) A review of the changes in nitrogenous compounds of herbage during 
ensilage. Journal of Agricultural and Food Chemistry 29: 497–505. 
248. Armstrong CL, Green CE, Phillips RL (1991) Development and availability of germplasm with high Type 
II culture formation response. Maize Genetics Coop Newsletter: 92-93. 
249. Mumm R (2007) Backcross versus forward breeding in the development of transgenic maize hybrids: 
theory and practice. Crop Science. 
250. Fehr WR (1991) Principles of Cultivar Development Volume 1: Theory and Technique: Macmillan 
Publishing Company. 
  
131 
251. Acquaah G (2007) Principles of plant genetics and breeding: Wiley-Blackwell. 569 p. 
252. Sedcole J (1977) Number of plants necessary to recover a trait. Crop Science 17: 667-668. 
253. Mertz ET, Bates LS, Nelson OE (1964) Mutant gene that changes protein composition and increases lysine 
content of maize endosperm. Science 145: 279-280. 
254. Nadeau J (2001) Modifier genes in mice and humans. Nature Reviews Genetics: 165-174. 
255. Dipple KM, McCabe ER (2000) Modifier genes convert "simple" Mendelian disorders to complex traits. 
Molecular genetics and metabolism 71: 43-50. 
256. Paez AV, Helm JL, Zuber MS (1969) Lysine content of opaque-2 maize kernels having different 
phenotypes. Crop Science 9: 251-252. 
257. Wessel-Beaver L (1982) Genetic control of modified endosperm texture in opaque-2 maize. Crop Science 
22: 1095-1098. 
258. Lopes MA, Takasaki K, Bostwick DE, Helentjaris T, Larkins BA (1995) Identification of two opaque2 
modifier loci in Quality Protein Maize. MGG, Mol gen genet 247: 603-613. 
259. Holding DR, Hunter BG, Chung T, Gibbon BC, Ford CF, et al. (2008) Genetic analysis of opaque2 
modifier loci in quality protein maize. Theoretical and Applied Genetics 117: 157-170. 
260. Johal G, Balint-Kurti P (2008) Mining and Harnessing Natural Variation: A Little MAGIC. Crop Science 
48: 2066-2073. 
261. Babu R, Nair SK, Kumar A, Venkatesh S, Sekhar JC, et al. (2005) Two-generation marker-aided 
backcrossing for rapid conversion of normal maize lines to quality protein maize (QPM). Theoretical and 
Applied Genetics 111: 888-897. 
262. Gordillo G, Geiger H (2008) Alternative recurrent selection strategies using doubled haploid lines in 
hybrid maize breeding. Crop Science 48: 911-922. 
263. Bicar EH, Lee M, Scott MP (Unpublished) Molecular and genetic characterization of a synthetic porcine 
alpha-lactalbumin transgene in maize [PhD]. Ames: Iowa State University. 
264. Chikwamba R, McMurray J, Shou HX, Frame B, Pegg SE, et al. (2002) Expression of a synthetic E. coli 
heat-labile enterotoxin B sub-unit (LT-B) in maize. Molecular Breeding 10: 253-265. 
265. Krishnan HB, Kerley MS, Allee GL, Jang S, Kim W-S, et al. (2010) Maize 27 kDa gamma zein is a 
potential allergen for early weaned pigs. Journal of Agricultural and Food Chemistry 58: 7323-7328. 
 
 
